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  Abstract 
Abstract : 
orynebacterium glutamicum has a very high capacity for the production of metabolites 
derived from central metabolism in which the citric acid cycle occupies a key position for the 
delivery of precursors for biosynthetic purposes. Succinyl-CoA is an intermediate of this 
cycle and this can in principle be isomerized to methylmalonyl-CoA by methylmalonyl-CoA 
mutase (MCM). The radical reaction catalysed by MCM is reversible and coenzyme B12-
dependent. The classical MCM is a dimer. However, recently the existence of a third subunit 
functioning to protect the enzyme from inactivation has been discovered. The three genes 
encoding MCM have a syntenic organization in Corynebacterineae and are the genes 
NCgl1471, NCgl1472 and NCgl1470 in C. glutamicum. Plasmids have been constructed 
enabling the over-expression of the three mutase encoding genes in C. glutamicum, as well as 
their deletion. An enzyme assay using methylmalonyl-CoA as substrate has shown that the 
enzyme is functional in vitro and that its activity is dependent on the presence of coenzyme 
B12. 
 
A C. glutamicum mutant strain deleted for the three genes has revealed that the mutase is not 
necessary for the growth on either complex medium, or on minimal medium with glucose, 
acetate or propionate as a carbon source. Quantification of the methylmalonate content of C. 
glutamicum during growth on glucose or acetate showed accumulation of this compound, 
independent of the presence of mutase or coenzyme B12 addition. During growth on 
propionate, levels of methylmalonate were 5-fold increased as compared to glucose and these 
decreased dramatically when MCM was active. Simultaneously, succinate accumulated 
extracellularly and after initially faster growth, further growth was abolished. Thus MCM is 
active in vivo in C. glutamicum and the equilibrium of its reaction is in the direction of 
succinyl-CoA. Therefore, MCM enables reactions in parallel to the methylcitrate cycle for 
propionate utilization, where propionyl-CoA is apparently carboxylated to the (S) form of 
methylmalonyl-CoA, epimerized to (R)-methylmalonyl-CoA, and eventually isomerized by 
MCM activity to succinyl-CoA. 
 
MCM activity has been applied in combination with two enzymes from other organisms in a 
synthetic pathway for 3-hydroxyisobutyrate (3-HIB) production in C. glutamicum. In this 
context, MCM was initially suggested to provide methylmalonyl-CoA, substrate for the 
heterologous enzymes. It was however observed and confirmed, that the equilibrium of the 
reaction does not favour this role for the mutase on glucose which is even deleterious towards 
3-HIB production when propionate is used as carbon source. Use of the heterologous enzymes 
enabled formation of 3-HIB in detectable quantities when propionate was present though 













Corynebacterium glutamicum possède une grande capacité de production de métabolites issus 
du métabolisme central. Dans ce contexte, le cycle de l’acide citrique ou cycle de Krebs 
occupe une position clé en tant que fournisseur de précurseurs pour la biosynthèse de 
nombreux composés. Le succinyl-CoA, intermédiaire du cycle de Krebs, peut être isomérisé 
en méthylmalonyl-CoA par la méthylmalonyl-CoA mutase (MCM). La réaction radicalaire 
catalysée par la MCM est réversible et dépendante du coenzyme B12. La MCM se compose 
classiquement de deux sous-unités, bien que l’existence d’une troisième sous-unité protégeant 
l’enzyme contre l’inactivation ait été caractérisée récemment. Chez les Corynebacterineae, 
les trois gènes codant pour la MCM, i.e. NCgl1471, NCgl1472 et NCgl1470 chez C. 
glutamicum, ont une organisation synténique. Des plasmides permettant la surexpression des 
trois gènes codant pour la mutase ainsi que leur délétion dans C. glutamicum ont été 
construits. Un essai enzymatique utilisant le méthylmalonyl-CoA comme substrat a montré 
que l’enzyme est fonctionnelle in vitro et que son activité est dépendante de la présence de 
coenzyme B12. 
 
L’étude d’un mutant de délétion pour les trois gènes a révélé que la mutase n’est nécessaire à 
la croissance de C. glutamicum ni en milieu complexe, ni en milieu minimal contenant du 
glucose, de l’acétate ou du propionate en tant que source de carbone. Au cours de la 
croissance sur milieu supplémenté en glucose ou en acétate, C. glutamicum accumule le 
méthylmalonate de façon indépendante à la présence de la mutase ou à l’addition de 
coenzyme B12 dans le milieu. Lors de la croissance sur milieu supplémenté en propionate, la 
concentration de méthylmalonate intracellulaire est 5 fois plus importante comparativement 
au même milieu supplémenté en glucose. De façon intéressante, lorsque la MCM est active, la 
concentration de méthylmalonate diminue drastiquement, du succinate s’accumule dans le 
milieu de culture et la croissance de la souche est rapidement stoppée. Ainsi la MCM est 
active in vivo chez C. glutamicum et l’équilibre de la réaction est favorable à la formation de 
succinyl-CoA. La MCM représente une voie de métabolisation du propionate alternative au 
cycle du méthylcitrate. Cette dernière assurerait la carboxylation du propionyl-CoA en (S)-
méthylmalonyl-CoA, qui serait épimérisé en (R)-méthylmalonyl-CoA avant d’être isomérisé 
en succinyl-CoA par la méthylmalonylCoA mutase. 
 
Par ailleurs, la MCM a été utilisée en combinaison avec deux enzymes provenant d’autres 
organismes, dans une nouvelle voie pour la production de 3-hydroxyisobutyrate (3-HIB) chez 
C. glutamicum. Dans ce contexte, le rôle initialement suggéré pour la MCM consistait, à partir 
du succinyl-CoA issu du cycle de Krebs, en la formation de méthylmalonyl-CoA, substrat 
pour les deux enzymes hétérologues. Cependant, l’application de cette voie lors de la 
croissance sur milieu supplémenté en glucose a confirmé qu’un tel rôle n’est pas favorisé par 
l’équilibre de la réaction catalysée par la mutase in vivo. En outre, la production de 3-HIB en 
présence de propionate, résultat de l’activité des deux enzymes hétérologues, est diminuée 
lorsque la MCM est surexprimée. Ainsi, la délétion de l’activité MCM dans une souche 
recombinante de C. glutamicum exprimant ces deux enzymes hétérologues constitue une voie 
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For thousands of years humans have used natural resources, either for basic necessity or to 
improve their lifestyle. The first half of the twentieth century saw the development of an 
industry based on fossil energy, with the appearance of synthetic, non-degradable oil-derived 
compounds, replacing natural products in various applications. After years of enthusiastic use 
of products based on fossil-materials, it has recently become apparent that such extensive 
exploitation cannot be sustained. The fabrication and the utilization of many of these 
compounds take a heavy toll on the environment with atmospheric pollutions leading to 
global warning threats. Efforts have been made to decrease this impact by trying to regulate 
the reduction of carbon dioxide emissions. However, already at a small scale, ecological 
behaviour is not automatic for many. Furthermore, fossil resources are limited and their price 
is subjected to economic pressures and the will of producers. Alternative solutions have to be 
found to replace part of the petroleum-based synthetic materials by natural products. 
Since the middle of the twentieth century, renewable natural resources are used again to 
produce bio-recyclable products. Biotechnology is devoted to using plants, yeasts or bacteria 
and enzymes derived from them to produce biodegradable products. The industrial processes 
derived from biotechnology, so-called white biotechnology, intend to decrease raw material 
consumption, require less energy and produce less waste. For these reasons, the cost for the 
environment is already far less than for synthetic products. The challenge for biotechnology is 
to make all these bio-products economically interesting and competitve in comparison to oil-
derived products. It implies the utilization of already existing products, pathways and 
activities in organisms, and their improvement in vivo as well as in vitro in order to provide 
suitable processes for industrial exploitation.  
 
 2 Introduction 
2) Biotechnology 
 
Although it was named thus, biotechnology has existed for centuries. Examples are given by 
the fabrication of bread or vine and beer thanks to the alcoholic fermentation by yeasts. 
Elaboration of dairy products uses also lactic acid bacteria as starters for the lactate 
fermentation in milk. Progress in sciences like chemistry and biochemistry, microbiology, 
genetic engineering or physics gave indispensable tools to develop biotechnologies as they are 
known nowadays, and today, a wide range of compounds are produced biotechnologically by 
various organisms. Here are presented non-exhaustively some of the industrially relevant 
products issued form biotechnologies. 
 




It was already known that many diseases were linked to microbial infections when the first 
demonstration was made in 1928 by Alexander Fleming that a single chemical compound 
(penicillin) produced by a fungus could serve as an anti-infective. It was not until 1943 that 
this compound appeared as the first biological-based industrial production of a 
pharmaceutical. Antibiotics, produced naturally by actinomycetes, mostly streptomycetes 
species, are the industrially most important group of secondary metabolites. Today the total 
antibiotic market reaches more than US$ 25 billions and is still growing. Secondary 
metabolites are generally produced by fermentation, in large volumes or small amounts 
depending on their utilization (Rokem et al., 2007). Nowadays antibiotics are a broad group 
of chemical compounds fighting infectious diseases with a wide range of molecular targets. 
As a first example, erythromycin is a macrolide used in the treatment of patients allergic to 
penicillins. It has a broad antimicrobial spectrum and inhibits protein synthesis of the 
pathogen by binding to the 50S ribosomal subunit. It is produced with Saccharopolyspora 
erythrea by a type I polyketide synthase, which are large multifunctional and multimodular 
enzymes (Rubin and Tamaoki, 2000). Vancomycin belongs to another group of antibiotics, 
the glycopeptides, and is used as the last resort against Gram positive pathogens especially 
methicillin resistant Staphylococcus aureus. Vancomycin is produced by a non-ribosomal 
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peptide synthase with Streptomyces orientalisas a heptapetide molecule which undergoes 
further post-translational modifications (Levine, 2006; van Wageningen et al., 1998). 
As with other antibiotics, penicillin production was continuously developed. After 
mutagenesis and screening of clones for better productivity, the original producer Penicillum 
chrysogenum saw its penicillin production improved stepwise up to a more than 100,000-fold 
improved yield as compared to original strains. Simultaneously, major changes in upstream 
and downstream processing occurred to increase the recovery of the antibiotic and thus reduce 
its price (table A-1; (Elander, 2003). Moreover, derivatives are now obtained from penicillin, 
such as ampicillin, amoxicillin or cephalexin, by partial chemical synthesis with the general 
trend to improve efficacy and pharmacokinetic properties (Demain and Elander, 1999). 
 
However random mutagenesis and screening are time consuming and the necessity rose to 
decode regulation of synthesis and supply of the precursors from primary metabolism in order 
to perform directed genetic approaches for flux improvement and reduction of by-product 
formation. Furthermore, production in heterologous hosts and combinatorial biosynthesis has 
enabled the extension of product spectra (Baltz, 2006; Weissman and Leadlay, 2005).  
 
Table A-1: Changes in penicillin manufacturing technology 
(Elander, 2003). 
Fermentation 1950 2000 
Carbon source Lactose Glucose/Sucrose 
Operational mode Batch Fed-batch 
Medium sterilization Batch Continuous 
Air filtration Depth filters Membrane filters 
Feeds None Many 
Morphology Filamentous Pelleted 
Cycle time 120 h 120-200h 
Assay Bio-assay HPLC 
Control Temperature only Computerized 
Titer (g/l) 0.5-1.0 >40 
Recovery and purification  
Mycelium removal Filtration Whole broth 
Operational mode Batch Semi-continuous 
Extraction stages Many Single to few 
Precursor recovery 




    And re-used 
Efficiency (%) 70-80 >90 
Environmental issues Few Many 
Bulk cost US$275-350/kg US$15-20/kg 
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b Biofuels 
 
Inevitable exhaustion of the fossil resources and the ecological impact of the utilization of 
mineral-based fuel, are two reasons to find solutions to replace these products. Produced from 
plants, and animal or waste oils, biodiesel is a proven fuel now used for more than 50 years. It 
can be put in any diesel engine when mixed with mineral diesel (Van Gerpen, 2005). 
Combustion of biodiesel frees reduced amount of carbon and higher amount of hydrogen and 
oxygen, and does not increase the net atmospheric levels of CO2. It consists in methylesters of 
fatty acids derived by transesterification of triglycerides contained in the oil with usually 
methanol. This process uses a chemical catalyst, or as a biocatalyst a bacterial enzyme. 
Biocatalysts are lipases from various organisms used as extracellular or intracellular enzyme. 
The choice of the lipase depends on the oil-origin and their specificity and efficiency with the 
alcohol used for the transesterification. When the catalyst is an intracellular lipase, as is the 
case with the whole cell biocatalyst Rhizopus oryzae for example, the cells are cultivated in 
the presence of particles that immobilize the cells in a way resembling ordinary solid phase 
catalysts (Atkinson et al., 1979). It simplifies the process as it is not necessary to purify and 
stabilize the enzyme (Fukuda et al., 2001).  
Another product in biotechnology is bioethanol, which is the major form of biofuel used 
worldwide. It is made by microorganisms and yeasts in fermentation of sugar derived from 
vegetables (Lin and Tanaka, 2006). However its low energy density and its incompatibility 
with the mineral fuel infrastructure reduce its attraction. Furthermore, use of bioethanol is not 
completely free of threat for the environment. Among the ecological negative impact is the 
use of pesticides and herbicides during plant cultivation. The controversy on the use of 
bioethanol is also alimented by the large cultivation area needed for its production 
consequently not devoted for food production. Some of these problems are circumvented by 
the appearance of advanced biofuels. Among them is butanol which is more hydrophobic than 
ethanol and has an energy density similar to that of gasoline. Butanol is produced by 
Clostridium species (Lin and Blaschek, 1983). Production of fuel grade compounds by non-
native organisms, for example recombinant Escherichia coli for butanol production, develops 
additionally and goes beyond the scope of what native organisms can do (Atsumi et al., 
2008). 
Biofuel production process based on agricultural wastes could help to reduce some problems 
linked with sugar-derived biofuel production. Among the different organisms explored for 
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biofuel production a promising candidate is the endophyte fungus Gliocladium roseum 
producing medium length hydrocarbons from cellulose (Strobel et al., 2008). Also 
photosynthetic microalgae have high oil productivities and may produce different kinds of 
lipids and hydrocarbons, respectively, depending on the species (Chisti, 2007). 
 
c Amino acids 
 
Amino acids have an important economic position among the products issued from 
biotechnology with a total market of US$ 4.5 billion. The essential so called feed amino acids 
L-lysine, L-methionine, L-threonine and L-tryptophane, have a role in complementary feeding 
of animals and share 56% of the total amino acids market (Leuchtenberger et al., 2005). L-
glutamate, L-aspartate and L-phenylalanine have their major importance in the food industry, 
for instance for flavor enhancement. The remaining amino acids are required in the 
pharmaceutical and in the cosmetic industries or as material for synthesis. 
Among the amino acids produced industrially, methionine is used as a racemate and glycine is 
chemically synthesized. Enzymatic catalysis enables production of L-aspartate by sequential 
activity of an aspartase from Escherichia coli and a decarboxylase from Pseudomonas 
dacunhae (Leuchtenberger et al., 2005). However, almost all the proteinogenic amino acids 
can be produced by specially developed mutants of Corynebacterium. glutamicum or E. coli. 
Concurrency in the market for amino acids production helps to improve strains and 
production processes. Optimization of fermentation processes in the production of amino 
acids started 50 years ago to increase the glutamate yields, made by the natural producer C. 
glutamicum. A better knowledge of this organism and its metabolic pathways as well as 
improvement of molecular biology and purification techniques helped for the further 
development of high performance mutants to enable the large scale industrial production not 
only of L-glutamate but also L-lysine by fermentation. (de Graaf et al., 2001; Pfefferle et al., 
2003). For the amino acids L-threonine and L-tryptophane, as well as L-phenylalanine 
production methods with E. coli have been developed (Cordwell, 1999; Debabov, 2003; Ikeda 
and Katsumata, 1999). Other organisms used for amino acids are for example Brevibacterium 
flavum (now considered to be a variant of C. glutamicum), used for L-arginine production, or 
Methylobacterium species, used for L-serine production (Ikeda, 2003). 
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d Biopolymeres in biotechnology: case of the polyhydroxyalkanoates 
 
− Polyhydroxyalkanoates: occurrence, synthesis  
Polyhydroxyalkanoates (PHAs), one of the eight classes of biopolymers, are polyesters of 
various alkanoates synthesized by more than 75 different genera of both gram positive and 
negative bacteria. They accumulate as intracellular granules under stress conditions, related to 
nutrient imbalances. They are believed to play a role as storage compounds for carbon and 
reducing equivalents, which are mobilized when normal growth conditions return. The 
conversion of soluble compounds into insoluble granules enables the organism to avoid 
osmotic changes and leakage of these small compounds at a low maintenance cost (Wang and 
Bakken, 1998). 
Major PHAS are typically produced as a polyester of 103 to 104 3-hydroxy fatty acids 
monomers. PHAs are classified according to the length of their constitutive monomers as 
short chain length scl-PHAs with C3-C5 hydroxyacids, medium chain length mcl-PHAs with 
C6-C14 hydroxyacids and long chain length lcl-PHAs with >C14 hydroxyacids. The side chains 
can harbor various functions. The material properties and hence the potential application of 
the PHAs vary depending on the monomer composition. The scl-PHAs are partially 
crystalline polymers which are quite brittle. The mcl-PHAs are semi-crystalline thermoplastic 
elastomers (Madison and Huisman, 1999; Suriyamongkol et al., 2007). 
The number of producing organisms studied and the variety of the ecological niches they 
derive lead to different pathways for PHAs formation. Also the regulation of their synthesis 
may vary with respect to growth conditions and importance of central metabolism. Poly-3-
hydroxybutyrate (P(3HB)) was the first discovered and is the most characterized PHA 
polymer. Three enzymes are involved in P(3HB) formation. The first reaction catalyzed by β-
ketoacylCoA thiolase consists of the condensation of two acetyl-CoA molecules to 
acetoacetyl-CoA, which is subsequently reduced to (R)-3-hydroxybutyryl-CoA by an 
NADPH-dependent acetoacetyl-CoA dehydrogenase. The last enzyme, PHA synthase, 
polymerizes the 3-hydroxybutyrate monomers into P(3HB) (Masamune et al., 1989; Peoples 
and Sinskey, 1989; Ploux et al., 1988). The three enzymes are encoded respectively by the 
genes phbA, phbB and phbC. The PHA loci have diverged considerably and the organization 
of these genes depends on the organism considered. They are found in tandem but not 
necessarily in the same order in Acinetobacter spp and Ralstonia eutropha for example. There 
are also cases where the phaC gene is not linked to the phaAB locus like in Paracoccus 
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denitrificans or Rhizobium meliloti. Moreover the PHA polymerase sometimes exists as a 
subunit enzyme encoded by two genes. Also the presence of other genes in the pha locus 
occurs. Such genes encode products with unknown function or a PHA depolymerase 
(reviewed in Madison and Huisman, 1999). The PHA synthase found in P(3HB) producers 
prefers C4 substrates but accepts actually C3 to C5 hydroxyacids. Alteration in the type and 
relative quantity of the carbon sources in the growth medium involves changes in the PHA 
composition with the formation of copolymers containing 3-hydroxyvalerate or 4-
hydroxybutyrate monomers (Marchessault, 1996). 
Other enzymatic activities are observed in pathways for the formation of scl-PHAs others than 
P(3HB). In Aeromonas caviae, an enoyl-CoA hydratase proceeds from enoyl-CoA derivates 
from the fatty acid oxidation pathway to form a copolymer of 3-hydroxybutyrate and 4-
hydroxyhexanoate during the growth on even numbered fatty acids or olive oil (Doi et al., 
1995; Fukui et al., 1998). In Rhodococcus ruber and Nocardia corallina, PHAs containing 
hydroxyvalerate are produced using the propionyl-CoA derived from the methylmalonyl-CoA 
pathway where succinyl-CoA is converted to methylmalonyl-CoA which is decarboxylated to 
propionyl-CoA (Williams et al., 1994). 
The mcl-PHAs were discovered later. Their composition in pseudomonads is directly related 
to the fatty acid carbon source, or is a reflection of the ratio of hydrocarbons and fatty acids, 
suggesting that the msc-PHA biosynthetic pathway is a direct branch of the fatty acid 
oxidation pathway (Huisman et al., 1989; Lageveen et al., 1988). In the pseudomonads rRNA 
homology group I, to which P. putida belongs, mcl-PHAs formation uses intermediates of the 
fatty acid de novo biosynthesis during growth on glucose (Fiedler et al., 2000; Rehm et al., 
1998). 
 
− Limits of the petroleum-derived plastics and bioplastics 
Plastics produced from petroleum-derived material are used for a very large number of 
purposes. They are advantageous because their structure can be easily chemically manipulated 
and diverse strengths and shapes can be obtained. However, additionally to the problem of 
their fossil origin, they are recalcitrant to degradation, what has an impact on landfills and 
marine environment. Incineration of petrochemical derived plastics is expensive and releases 
harmful chemicals, while recycling is difficult due to their large variety. There is a need of 
environment friendly plastics and the PHAs, completely biodegradable and biocompatible, 
can fulfil this role. 
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Extracted from bacterial cells the PHAs have material properties similar to some common 
plastics such as propylene (Byrom, 1987). They possess interesting characteristics for a 
significant number of applications including medical devices and tissue engineering (Chen 
and Wu, 2005). Their bacterial origin make them a natural material and indeed many 
microorganisms have evolved the ability to degrade PHAs with hydrolases and 
depolymerases, depending on the composition of the polymer, its physical form or the 
environmental conditions (Jendrossek et al., 1996). 
 
− Polyhydroxyalkanoate production by natural producers and recombinant organisms 
Among the natural PHA producers, some are very efficient in terms of variety, size or amount 
of polymer synthesized. Ralstonia strains were successfully used in industry for the 
development of commercial production facilities for P(3HB-3HV) and various copolymer 
productions were achieved with mutants combining increased carbon source utilization with 
feeding strategies (Byrom, 1987; Doi et al.). In Methylobacterium extorquens, searching for 
optimal growth conditions led to the synthesis of a P(3HB) polymer with a molecular mass of 
over 1000 kDa (Bourque et al., 1995). Pseudomonas oleovorans and Pseudomonas putida 
synthesize mcl-PHAs bearing different functional groups depending on their growth substrate. 
These PHAs are of great interest because they can alter and improve the physical properties of 
polymers (Kim et al., 2000). Moreover some functional groups can be modified by chemical 
reactions to extend the potential applications of mcl-PHAs as environmentally biodegradable 
polymers even further (Hazer and Steinbuchel, 2007). 
 
Work with recombinant natural producers showed that increasing the copy numbers of the 
genes for PHA synthesis has no drastic influence on the PHA metabolism even if it enabled 
the reduction in the fermentation time while maintaining the productivity via overexpression 
of the phbCAB genes in Ralstonia eutropha (Jung et al., 2000). Natural PHAs producers have 
disadvantages for industrial processes because they have a long generation time, a relatively 
low optimal growth temperature and they contain furthermore pathways for PHA degradation. 
Most of them are moreover not well genetically characterized with obvious technical 
problems for genetic improvement for industrial purposes. These issues can be circumvented 
by the use of recombinant bacteria such as E. coli not able to degrade PHAs and growing fast 
at a higher temperature with a short production process cycle even though this is often 
accompanied by a lower level of polymer accumulation. Furthermore, work with non natural 
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producers has to deal with consequences of the expression of the PHAs biosynthetic genes 
resulting, for instance, in filamentation or with the challenge plasmid stability (Kidwell et al., 
1995; Lee and Lee, 1996) although this latter effect is less important now that direct 
chromosomic insertion techniques exist for many bacteria. Moreover, for a given set of genes, 
the number and size of granules synthesized may differ in the recombinant organism (Hahn et 
al., 1995). Use of recombinant microorganisms enables production of other PHAs by using 
mutants of the hosts or addition of various pathways for monomer formation, such as the 
succinate degradation pathway from Clostridium kluyveri in E. coli for P(3HB-4HB) 
production (Fidler and Dennis, 1992; Slater et al., 1992; Valentin and Dennis, 1996). 
 
Higher organisms can also be engineered for PHA biosynthesis. In the yeast Saccharomyces 
cerevisiae, P(3HB) granules could be visualized upon overexpression of the PHA synthase 
encoding gene from R. eutropha but only low yields were reached apparently due to low 
efficiency of the two endogenous enzymes providing the 3-hydroxybutyrate monomers (Leaf 
et al., 1996). 
In bacteria and yeasts, PHA production needs a sterile environment and the supply of water 
and energy for fermentation. In contrast, a plant system is less expensive and more 
environmentally friendly. Moreover, synthesis of PHAs in crops is a possibility to increase the 
value of the crops (Somerville and Bonetta, 2001). However plant cells are 
compartmentalized and expression of the genes for PHA biosynthesis has to be addressed to 
the compartments where acetyl-CoA concentration is highest.  
Production of P(3HB) was achieved in the model organism Arabidopsis thaliana, in the 
cytosol and in plastids. The quality of the polymer obtained was similar to that made by 
bacteria and sufficient for industrial processing (Nawrath et al., 1994; Poirier et al., 1995). 
Attempts were made to produce PHAs also in cotton. In this case the expression of the pha 
genes targeted to fiber cells led to the accumulation of granules in the cytoplasm (John and 
Keller, 1996), but only low amounts of the polymer accumulated. Generally PHA production 
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II)  Corynebacterium glutamicum 
 
1) Corynebacterium glutamicum 
 
C. glutamicum is a gram positive and biotin auxotroph soil bacterium discovered in the fifties 
in Japan by scientists searching for organisms of industrial interest. It was actually first 
characterized for its natural production of glutamate (Kiinoshita et al., 1957; Udaka, 1960).  
In the GC-rich gram-positive Actinomycetales order, C. glutamicum is a member of the 
Corynebacterineae sub order, distinguished by the presence of specific fatty acids in their cell 
wall, the mycolic acids. Several pathogens are part of the Corynebacterineae sub-order and 
due to this taxonomic position, C. glutamicum is often used as a model in the study of these 
organisms. 
However, due to the long standing use of C. glutamicum for amino acid production this 
organism has a strong interest in biotechnology. Since the discovery of C. glutamicum, efforts 
have been made to decipher its reactions in central metabolism, its pathways for amino acid 
biosynthesis and their regulations. In this sense a big advance was the sequencing of the 
genome of two variants of the model strain used in European laboratories C. glutamicum 
ATCC13032, and of another strain with industrial potential, C. glutamicum R (Ikeda and 
Nakagawa, 2003; Kalinowski et al., 2003; Yukawa et al., 2007). In terms of volume, C. 
glutamicum is principally used for the industrial production of L-glutamate and L-lysine with 
respectively 1.800.000 and 850.000 tonnes produced per year (Leuchtenberger et al., 2005; 
Nakamura et al., 2007). The current in depth knowledge on C. glutamicum as well as its 
widespread industrial use has attracted interest to exploit this organism for production of 
alternative compounds. 
 
2) Central metabolism 
 
Here will be presented the main metabolic pathways involved in glucose, acetate and 
propionate metabolism in C. glutamicum.  
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a Glucose uptake 
 
C. glutamicum grows on a variety of substrates including sugars. With fructose and sucrose, 
glucose is a preferred carbon source in industrial biotechnological processes. The uptake and 
simultaneous phosphorylation of glucose in C. glutamicum cells is enabled by a 
phosphotransferase system (PTS) (Shiio and Mori, 1987). While continued uptake of glucose 
occurs in PTS-negative strains suggesting alternative uptake systems (Dominguez and 
Lindley, 1996), no biochemical evidence has yet been presented for the presence of an 
additional permease for this sugar. The general PTS components EI and Hpr transfer a 
phosphoryl group from phosphoenolpyruvate to the sugar specific enzyme II permease which 
phosphorylates and transports the respective substrate into the cell (Kotrba et al., 2001; 
Parche et al., 2001). In C. glutamicum specific permeases are found in addition to that for 
glucose also for the uptake of fructose and sucrose. Adaptation of the sugar uptake to the 
carbon source available in the medium is via transcriptional regulation of the PTS permease 
genes. In the case of the fructose-specific permease a gene encoding a regulator and a gene 
encoding the fructose-1-phosphate kinase is involved. The DeoR-type regulator SugR 
represses expression of the mentioned genes during growth on gluconeogenic sources. During 
growth on glucose, fructose-6-phosphate as a product of glucose metabolism is likely to be 
involved as an effector (Engels and Wendisch, 2007). In the cell the glucose-6-phosphate 
issued from the PTS is further metabolized through glycolysis or the pentose phosphate 




Most activities involved in glycolysis (figure A-1) have not been characterized in C. 
glutamicum. However, from the genome analysis, the genes encoding the different enzymes 
are concluded to be present (Kalinowski et al., 2003).  
The glucose phosphate isomerase has been partially purified from C. glutamicum 
ATCC14067 and found to be inhibited by erythrose-4-phosphate (Sugimoto and Shiio, 
1989b). 
The following irreversible transformation of fructose-6-phosphate to fructose-1,6-
bisphosphate is catalyzed by the 6-phosphofructokinase and is inhibited by ADP in C. 
glutamicum ATCC14067 (Sugimoto and Shiio, 1989a). The reverse reaction catalyzed by the 
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fructose-1,6-bisphosphatase is essential during gluconeogenesis and is inhibited by AMP 
(Sugimoto and Shiio, 1989b).  
The fructose-1,6-bisphosphate is reversibly transformed to dihydroxyacetone phosphate and 
glyceraldehyde-3-phosphate by the fructose-1,6-bisphosphate aldolase suggested to belong to 
the aldolases of the class II (von der Osten et al., 1989) that include the E. coli fructose-1,6-
bisphosphate aldolase whose activity is not influenced by glycolytic intermediates or 
nucleotide phosphates (Szwergold et al., 1995). 
The next reaction of the glycolysis transforming glyceraldehyde-3-phosphate to 1,3-
bisphosphoglycerate is catalyzed by the glyceraldhehyde-3-phosphate dehydrogenase, 
encoded for the activity in this direction by the gapA gene and in the reverse direction by the 
gapB gene. This step is involved in the control of the flux through the glycolysis during 
changes in the redox charge of the cells as the activity of the glyceraldhehyde-3-phosphate 
dehydrogenase is inhibited for a ratio NADH/NAD of 0.5 provoking accumulation of 
upstream glycolytic intermediates and overflow metabolism (Dominguez et al., 1998). 
The next enzyme considered as a control point in glycolysis is the pyruvate kinase catalyzing 
the transformation of phosphoenolpyruvate in pyruvate coupled with the formation of an 
ATP. In C. glutamicum ATCC14067 this enzyme is regulated by adenine nucleotides, its 
activity is activated by AMP and inhibited by ATP likely in a feedback regulation (Jetten et 
al., 1994; Ozaki and Shiio, 1969). The reverse reaction forming phosphoenolpyruvate from 
pyruvate is catalyzed by the phosphoenolpyruvate synthetase whose activity is stimulated by 
ATP and inhibited by AMP and phosphoenolpyruvate. The gluconeogenic function of the 
phosphoenolpyruvate synthetase is indicated by the fact that its mRNA transcript level is 
increased on lactate as compared to glucose. 
Pyruvate is transformed to acetyl-CoA by the multienzyme complex pyruvate dehydrogenase 
(PDHC). In C. glutamicum, the flavoprotein LPD (lipoamide dehydrogenase, E3 subunit) and 
the acyltransferase SucB (E2) subunits are shared with a complexe of the same family, the 2-
oxoglutarate dehydrogenase complex (OGDHC). An E1 subunit is found for each complex 
respectively PDHC (AceE) and ODHC (protein OdhA). However they are copurified 
suggesting the possibility of the existence of a unique 2-oxoglutarate-pyruvate-dehydrogenase 
supercomplex in C. glutamicum (Niebisch et al., 2006). The activity of the PDHC depends on 
the substrates and the cofactors thiamine pyrophosphate and Mg2+, and is increased when 
cysteine or DTT are added (Shiio et al., 1984).  
 























































Figure A-1: Glycolysis in Corynebacterium glutamicum: glucose phosphate isomerase (1), 
6-phosphofructokinase (2), fructose-1,6-bisphosphatase (3), fructose-1,6-bisphosphate 
aldolase (4), glyceraldhehyde-3-phosphate dehydrogenase (5), triose phosphate isomerase 
(6), 3-phosphoglycerate kinase (7), phosphoglycerate mutase (8), enolase (9), pyruvate 
kinase (10), phosphoenolpyruvate synthetase (11) and pyruvate dehydrogenase (12). 
 
 
Genome-wide expression studies showed differential expression for some of the genes 
encoding the enzymes of glycolysis. During growth on acetate the glycolytic enzymes 6-
phosphofructokinase, pyruvate kinase and pyruvate dehydrogenase aceE see the expression of 
their encoding genes down-regulated as compared to growth on glucose. Expression of gapA 
encoding the glyceraldhehyde-3-phosphate dehydrogenase was also down-regulated on 
acetate when the gene gapB on the contrary was up-regulated reinforcing the role of gapA in 
glycolysis and gapB in gluconeogenesis (Gerstmeir et al., 2003; Hayashi et al., 2002; Muffler 
et al., 2002). Actually, the gene gapA is subjected, in the absence of sugar, to the repression 
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by the regulator SugR. The intermediates of sugar metabolisation, fructose-1-phosphate and 
fructose-1,6-bisphosphate  appear to be involved in the derepression of gapA expression 
(Toyoda et al., 2008). 
 
c Pentose phosphate pathway 
 
Simultaneously with glucose metabolism, the pentose phosphate pathway (figure A-2) enables 
the synthesis of reducing power NADPH and intermediary metabolites such as ribose-5-
phosphate involved in nucleic acid, histidine, or phosphoribosyl pyrophosphate synthesis, or 
erythrose-4-phosphate involved in aromatic amino acids synthesis (Gourdon et al., 2000). In 
the irreversible oxidative part of the pentose phosphate pathway, two NADPH are produced 
and one CO2 is liberated. The non oxidative part reversibly catalyzes the interconversion of 
sugar phosphates and joins glycolysis at the level of fructose-6-phosphate and 
glyceraldhehyde-3-phosphate. Belonging to the oxidative part of the pathway, the reaction 
catalyzed by the glucose-6-phosphate dehydrogenase produces one NADPH molecule. The 
multimeric enzyme consists of two proteins encoded by the genes zwf and opcA (Moritz et al., 
2000). Its activity is inhibited by NADPH, fructose-1,6-bisphosphate and phosphoribosyl 
pyrophosphate (Gourdon and Lindley, 1999; Sugimoto and Shiio, 1987b). Also producing 
NADPH, the reaction catalyzed by the 6-phosphogluconate dehydrogenase is also inhibited 
by NADPH and fructose-1,6-bisphosphate but also by ribulose-5-phosphate, glyceraldhehyde-
3-phosphate and erythrose-4-phosphate (Moritz et al., 2000; Sugimoto and Shiio, 1987a). 
 
As for glycolytic genes global expression analysis showed a regulation depending on the 
carbon source used as growth substrate for the expression of pentose phosphate pathway 
genes. Particularly, the genes encoding the glucose-6-phosphate dehydrogenase, zwf and 
ocpA, and the enzymes of the non-oxidative part tkt and tal are less expressed during growth 
on glucose than on acetate (Gerstmeir et al., 2003; Hayashi et al., 2002; Muffler et al., 2002). 
 
 



























Non-oxidative part  
Figure A-2: Pentose phosphate pathway in Corynebacterium glutamicum: glucose-6-
phosphate dehydrogenase (1), lactonase (2), 6-phosphogluconate dehydrogenase (3), ribose-5-




d Tricarboxylic acids cycle 
 
The function of the tricarboxylic acid (TCA) cycle (figure A-3) is the supply of energy as 
reduced cofactors and ATP and of precursors for anabolism, notably via 2-oxoglutarate and 
oxaloacetate required for glutamate and aspartate synthesis, respectively. The substrate 
entering the TCA cycle is acetyl-CoA derived from pyruvate by the PDHC or from acetate via 
its activation by the acetate kinase and the phosphotransacetylase. 
Citrate synthase catalyses the condensation of acetyl-CoA and oxaloacetate into citrate. The 
enzyme is inhibited by ATP, cis-aconitate and isocitrate (Eikmanns et al., 1994). Inactivation 
of the citrate synthase encoding gene, gltA, leads to glutamate and citrate auxotrophy. The 
expression of gltA is constitutive and not subjected to regulation. 
Citrate is reversibly transformed to isocitrate by aconitase with cis-aconitate as intermediate. 
The expression of the aconitase gene acn is repressed by the TetR-type regulator AcnR whose 
gene acnR is located downstream of acn and cotranscribed with it but to a lower extent (Krug 
et al., 2005). In a C. glutamicum strain deleted for the acnR gene, acn expression is increased 
during growth on glucose, acetate, citrate and propionate. The effector that would induce a 
conformational change of AcnR, lifting its repression, has not yet been identified. 
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NADP-dependent isocitrate dehydrogenase (ICD) catalyzes the decarboxylation of isocitrate 
into CO2 and 2-oxoglutarate. The latter can be further oxidized in the TCA cycle or serve as a 
precursor for glutamate synthesis. This step of the TCA cycle gives important intermediates 
of the energy metabolism together with reducing power to the cell. The purified ICD from C. 
glutamicum shows that it is specific for NADP and inhibited by citrate, 2-oxoglutarate, 
oxaloacetate and more strongly by simultaneous addition of oxaloacetate and glyoxylate. The 
enzyme is formed constitutively (Eikmanns et al., 1995; Shiio and Ozaki, 1968). 
The 2-oxoglutarate dehydrogenase complex (ODHC) catalyzes the irreversible 
decarboxylation of 2-oxoglutarate to succinyl-CoA with liberation of an NADH equivalent. In 
C. glutamicum four subunits belonging to ODHC are found. As already mentioned the Lpd 
and the acyltransferase SucB subunits are shared with the PDHC. However the 2-oxoglutarate 
dehydrogenase OdhA subunit, possessing a domain corresponding to the thiamine 
pyrophosphate containing E1 subunit, harbors also a domain corresponding to the 
acyltransferase subunit E2 (Usuda et al., 1996). Thus, besides the interrogation on the 
existence of a 2-oxoglutarate-pyruvate dehydrogenase supercomplex in C. glutamicum, it 
remains to be determined if the E2 activity of the ODHC depends on the independent gene 
sucB or on the domain encoded in the odhA gene. The ODHC activity is subject to a 
posttranslational regulation. OdhA activity is inhibited by interaction with the OdhI protein. 
OdhI, as phosphorylated by the serin/threonine kinase PknG, cannot form such a complex and 
does therefore not inhibit ODHC activity. Dephosphorylation of OdhI is likely to occur by the 
action of the phosphatase Ppp (Niebisch et al., 2006; Schultz et al., 2007). 
Succinyl-CoA issued from ODHC is transformed into succinate and coenzyme A by the 
succinyl-CoA synthetase with concomitant ATP formation. The genes suggested to encode 
this enzyme are the genes sucC and sucD (Kalinowski et al., 2003). 
Succinate dehydrogenase catalyzes the oxidation of succinate into fumarate. The three genes 
putatively encoding this enzyme sdhC, sdhA and sdhB have been identified in a hypothetical 
operon in the genome of C. glutamicum and found to be up-regulated during the growth on 
acetate (Gerstmeir et al., 2003; Kalinowski et al., 2003). 
Fumarase catalyzes the interconversion of fumarate and malate. A putative gene encoding a 
fumarase has been identified in the C. glutamicum genome (Kalinowski et al., 2003). 
The last reaction closing the TCA cycle to regenerate oxaloacetate is the oxidation of malate. 
Two types of enzymes catalyzing this reaction are found in C. glutamicum: a cytoplasmic 
NAD-depedent malate dehydrogenase (MDH) and a membrane-associated malate:quinine 
oxidoreductase (MQO) (Molenaar et al., 1998; Molenaar et al., 2000). Expression of the 
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respective mdh and mqo genes is not carbon source-dependent although activities of the 
enzymes increased on acetate as compared to glucose (Gerstmeir et al., 2003; Molenaar et al., 
2000). Studies on the enzymes and of the deletion mutant showed that MQO is the enzyme 
catalyzing oxidation of malate in the TCA cycle, while the reverse flux observed under certain 
conditions is more likely attributed to MDH (Marx et al., 1997; Peters-Wendisch et al., 1996; 
Wittmann and Heinzle, 2002). 
Comparison C. glutamicum during growth on glucose and acetate, showed a down-regulation 
of the expression of TCA cycle enzyme-encoding genes on acetate, gltA, acn, sucCD, sdhC, 










































Figure A-3: Tricarboxylic acid cycle in Corynebacterium glutamicum: 
citrate synthase (1), aconitase (2), isocitrate dehydrogenase (3), 2-
oxoglutarate dehydrogenase (4), succinyl-CoA synthetase (5), succinate 
dehydrogenase (6), fumarase (7), malate:quinone oxidoreductase (8). 
 
e Anaplerotic pathways 
 
The TCA cycle needs to be continuously replenished due to use of several its intermediates in 
anabolism. Anaplerotic reactions fulfil this role. 
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− The PEP-Pyruvate-Oxalaoacetate node 
The reactions as part of the phosphoenol-pyruvate-oxaloacetate node are represented in the 
figure A-4. 
PEP carboxylase (PEPC) whose gene has been sequenced and cloned in C. glutamicum 
catalyzes the irreversible carboxylation of phosphoenolpyruvate into oxaloacetate with the 
production of an inorganic phosphate. The enzyme was shown to be activated by acetyl-CoA 
and fructose-1,6-bisphosphate and inhibited by aspartate and 2-oxoglutarate (Eikmanns et al., 
1989; O'Regan et al., 1989). Importance of PEPC was studied during the growth of C. 
glutamicum on glucose under oxygen-deprived conditions (Inui et al., 2004). In such 
conditions C. glutamicum produces succinate via the reductive arm of the TCA cycle and 
lactate. A mutant deleted for the gene ppc encoding PEPC produces a reduced amount of 
succinate and lactate while the glucose consumption rate was simultaneously decreased. The 
PEPC seems therefore to be the major anaplerotic reaction occurring in C. glutamicum under 
oxygen-deprived growth conditions. 
The irreversible carboxylation of pyruvate to oxaloacetate with concomitant ATP hydrolysis 
is catalyzed by the biotin-containing pyruvate carboxylase (PC). Its activity is inhibited by 
ADP, ATP and acetyl-CoA. Its synthesis in C. glutamicum is up-regulated during growth on 
lactate (Koffas et al., 2002; Peters-Wendisch et al., 1996; Peters-Wendisch et al., 1998). 
Mutants of the PEPC and PC encoding genes, ppc and pyc respectively, showed that the PC is 
essential for growth on lactate and pyruvate and that the two enzymes, being the only 
anaplerotic reactions operating on carbohydrates, can replace each other for the growth on 
glucose (Peters-Wendisch et al., 1998). 
Reversible decarboxylation of oxaloacetate and simultaneous ATP- or GTP-dependent 
phosphorylation to phosphoenolpyruvate is catalyzed by the phosphoenolpyruvate 
carboxykinase (PEPCk). The specific activity of the PEPCk is increased in cells grown on 
acetate or lactate as compared with glucose grown cells and the expression of the encoding 
gene pck is up-regulated on acetate (Gerstmeir et al., 2003; Riedel et al., 2001). Furthermore 
an inactivation mutant of pck which grows on glucose, does not grow on substrates requiring 
gluconeogenesis such as lactate or acetate indicating that the PEPCk is the only enzyme for 
phopshoenolpyruvate synthesis from citric acid cycle intermediates (Riedel et al., 2001). 
Together with the observation that the oxaloacetate decarboxylation reaction of the PEPCk is 
inhibited by ATP, it suggests a gluconeogenic more than anaplerotic role for PEPCk. 
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Malic enzyme (ME) catalyzes the reversible carboxylation of pyruvate into malate with 
simultaneous reduction of NADP (Fraenkel, 1975). The ME activity measured during growth 
on glucose and lactate of C. glutamicum is NADP dependent (Cocaign-Bousquet et al., 1996). 
The activity of the purified enzyme is also activated by NH4+ and slightly inhibited by 
oxaloacetate and glutamate (Gourdon et al., 2000). The enzyme has lower affinity for 
pyruvate and the reaction is faster in the direction of decarboxylation. Moreover, growth on 
glucose or acetate of the C. glutamicum inactivation mutant of the ME-encoding gene malE is 
not affected while growth on lactate is diminished (Gourdon et al., 2000). It is suggested that 
the ME plays a role in NADPH generation on substrates other than glucose (Gourdon et al., 
2000) and that together with PC and the NADH-dependent MDH, catalyzes a metabolic cycle 
generating NADPH from NADH without loss of carbon. 
Oxaloacetate can be irreversibly decarboxylated into pyruvate by the oxaloacetate 
decarboxylase (OD). OD does not strictly belong to the anaplerotic reactions because it is not 
feeding the TCA cycle with intermediates, but OD has an influence on the flux of the 
anaplerotic reactions. The enzyme in C. glutamicum belongs to the class of divalent cation-
dependent ODs and is highly specific for oxaloacetate, inhibited by ADP, coenzyme A and 




















































Figure A-4: The phosphoenol-pyruvate-oxaloacetate node in Corynebacterium glutamicum: 
oxaloacetate decarboxylase (1), pyruvate carboxylase (2), phosphoenolpyruvate carboxylase 
(3), phosphoenolpyruvate carboxykinase (4), malic enzyme (5), malate:quinone 
oxidoreductase (6), malate dehydrogenase (7), pyruvate kinase (8), phosphoenolpyruvate 
synthetase (9) and pyruvate dehydrogenase (10). 
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− Glyoxylate shunt 
The glyoxylate cycle (figure A-5) is implemented as an anaplerotic reaction during the growth 
of C. glutamicum on acetate and fatty acids (Gerstmeir et al., 2003). It converts acetyl-CoA 
and isocitrate into malate and succinate via glyoxylate. The two enzymes of the glyoxylate 
pathway are the isocitrate lyase (ICL) and the malate sytnhase (MS). ICL, in contrast to MS, 
is allosterically controlled by a number of intermediates of central metabolism (Reinscheid et 
al., 1994), suggesting an important role for this enzyme in flux control. The two genes 
encoding ICL and MS, respectively aceA and aceB are essential for growth on acetate and 
their expression as well as the specific activities of the enzymes are increased in the presence 
of acetate (Gerstmeir et al., 2003; Wendisch et al., 1997). Isocitrate is at the hinge between 
the glyoxylate and TCA cycles, as substrate of both the ICL and the ICD. The affinity of ICL 
for isocitrate is 20 fold over that of the ICD (Reinscheid et al., 1994). Moreover these 
enzymes are subject to regulation, their activities being reduced on glucose for ICL or when 
the glyoxylate cycle is operating for ICD. On carbohydrates, the glyoxylate cycle is not active 
as an anaplerotic pathway, whereas it replenishes the TCA cycle on a mixture of glucose and 


























Figure A-5: The glyoxylate cycle in Corynebacterium 
glutamicum: citrate synthase(1), aconitase (2), isocitrate lyase 
(3), malate sytnhase (4), succinate dehydrogenase (5), 
fumarase (6), and malate:quinone oxidoreductase (7).  
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GlxR belonging to the cAMP receptor protein family of transcriptional regulators has been 
identified as a regulator of the glyoxylate cycle genes aceA and aceB (Kim et al., 2004). It is 
binding to the aceA and aceB intergenic region in the presence of cAMP. The cAMP 
concentration is higher on glucose than on acetate and the role suggested for GlxR is the 
repression of the glyoxylate cycle genes on glucose in a cAMP triggered process. The cAMP-
dependent binding of GlxR to the promoter of the phosphogluconate kinase and permease 
encoding genes has also been described. (Letek et al., 2006). Moreover, the deletion mutant 
for the glxR gene shows growth defects what may indicate a more global regulation role for 
GlxR.  
 
f Metabolism of acetate 
 
Acetate uptake is carried out by an acetate/proton symport mechanism(Ebbighausen et al., 
1991). After internalization, acetate is activated to form acetyl-CoA through the sequential 
activity of the acetate kinase (AK), encoded by the gene ackA and the phosphotransacetylase 
(PTA) encoded by the gene pta (Kalinowski et al., 2003). Acetyl-CoA is further metabolized 
via the TCA and glyoxylate cycles, and via gluconeogenesis when acetate is present alone as 
a carbon source (Wendisch et al., 2000). 
Two regulatory proteins,RamA and RamB, binding to the promoter regions of the pta-ack, 
aceA and aceB genes have been identified as regulators of the acetate metabolism (Cramer et 
al., 2006; Gerstmeir et al., 2004). RamA is essential for growth of C. glutamicum with acetate 
as sole carbon source, and its inactivation leads, irrespectively to the presence of acetate, to 
low specific activities of the AK, PTA and no activities of the ICL and MS enzymes, which is 
actually the result of a deregulation at the transcriptional level. The LuxR-type regulator 
RamA, whose binding sequence has been identified (composed of tandem [A/C/T]G4-6[T/C] 
or AC4-5[A/G/T] separated by up to six nucleotides), acts as an activator of the genes involved 
in acetate metabolism, and exerts a negative autoregulation on its own transcription (Cramer 
et al., 2006; Cramer and Eikmanns, 2007). RamB functions as a repressor of the pta-ack 
operon and the aceA and aceB genes during growth on glucose. Its binding motif has also 
been identified (highly conserved motif A[A/G]AACTTTGCAAA) (Gerstmeir et al., 2004). It 
is subject to negative autoregulation and its expression is submitted to the carbon source via 
the positive control by RamA (Cramer et al., 2007). Aside from pta, ack, aceA and aceB, fifty 
genes are transcriptionaly regulated in response to the presence of acetate in the cultivation 
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medium (Gerstmeir et al., 2003; Hayashi et al., 2002; Muffler et al., 2002), including genes 
encoding enzymes involved in glycolysis, pentose phosphate pathway or TCA cycle with 
some of them harbouring the RamA or RamB binding motives (Gerstmeir et al., 2004). 
 
g Metabolism of Propionate 
 
Propionate is found in living organisms as well as in nature and is issued from the degradation 
of odd chain fatty acids, cholesterol, or the branched chain amino acids valine, leucine and 
isoleucine. It has also a role in polyketide production, as a source of propionyl-CoA units for 
the synthesis of these secondary metabolites (Aparicio et al., 1994). In Propionibacterium 
shermanii, propionic acid is a final fermentation product occurring in the process of Swiss-
style cheese ripening where it is responsible for the particular taste, the characteristic holes 
being formed from the concomitantly produced CO2 (Allen et al., 1964). 
In bacteria, as typified in the model organism E. coli, the main pathway for propionate 
degradation involves the condensation of the intermediate propionyl-CoA with oxaloacetate 
leading to the methylcitrate cycle via a 2-methylcitrate synthase. The 2-methylcitrate formed 
is isomerized by a 2-methylcitrate dehydratase to methylisocitrate which is cleaved by a 2-
methylisocitrate lyase yielding pyruvate and succinate with subsequent regeneration of 
oxaloacetate via the TCA cycle (Textor et al., 1997). In C. glutamicum such a cycle for 
propionate degradation was found to operate (Claes et al., 2002) (figure A-6). The activities 
corresponding to this cycle depend on the prpDBC cluster. The gene prpC encodes a 
methylcitrate synthase, the gene prpD a 2-methylcitrate dehydratase and prpB a 2-
methylisocitrate lyase. C. glutamicum possesses two of these clusters, prpD1B1C1 and 
prpD2B2C2. Corresponding genes on both clusters share more than 70 % amino acids identity 
respectively (73 % for prpD1 and prpD2, 81 % for prpB1 and prpB2 and 76 % for prpC1 and 
prpC2). However the study of deletion mutants of these two clusters showed that only the 
cluster prpD2B2C2 is essential for growth on propionate (Claes et al., 2002). Two-
dimensional gel electrophoresis experiments combined with mass spectrometry and 
microarray analysis showed high expression of the C. glutamicum prpD2B2C2 genes and high 
cellular concentration of the related proteins when propionate was used as an additional 
carbon source (Claes et al., 2002; Huser et al., 2003). Expression of the prpD1B1C1 cluster is 
also induced in such conditions though to a lesser extent and its function remains obscure. 
Analysis of propionate degradation by the 2-methylcitrate cycle at the metabolite level shows 
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that this cycle is also active in the absence of propionate and may fulfil house-keeping 
functions in the degradation of fatty acids or branch chain amino acids (Plassmeier et al., 
2007). Increased level of these pathways has also recently been shown genetically engineered 



























Figure A-6: The methylcitrate cycle in Corynebacterium 
glutamicum: 2-methylcitrate synthase (1), 2-methylcitrate 
dehydratase (2), aconitase (3), 2-methylisocitrate lyase (4).  
 
 
No prpE homologue, which is responsible for the ATP-dependent activation of propionate to 
propionyl-CoA in Salmonella enterica (Horswill and Escalante-Semerena, 1999), is found in 
the vicinity of the prp clusters in C. glutamicum. Thus this process may occur through the 
acetate kinase and phosphotransacetylase enzymes responsible for acetate activation since the 
acetate kinase is active with propionate as substrate too (Reinscheid et al., 1999). Proof of the 
up-regulation of the corresponding ack and pta genes in the presence of propionate as carbon 
source was not shown since the analysis compared growth on acetate versus growth on a 
mixture of acetate and propionate and that ack and pta were already found to be up-regulated 
in the presence of acetate (Hayashi et al., 2002; Huser et al., 2003; Muffler et al., 2002)  . 
However in these conditions expression of the gene pyc encoding the pyruvate carboxylase 
was up-regulated, which is consistent with the operation of the methylcitric acid cycle 
producing pyruvate and the participation of this compound to replenish the TCA cycle via 
pyruvate carboxylase activity to form oxaloacetate. Moreover, expression of the succinate 
dehydrogenase encoding genes was found to be down-regulated in the presence of propionate 
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when they were up-regulated with acetate as carbon source (Hayashi et al., 2002; Muffler et 
al., 2002). Thus changes of the anaplerotic pathways are induced in C. glutamicum during 
growth on acetate and propionate as carbon sources. 
 
III) Context of the project 
 
The understanding of the metabolic pathways and the physiology of C. glutamicum as well as 
its established use in industry has stimulated the use of this organism for the production of 
new compounds. In this frame, the project supporting the present work proposes to create a 
synthetic pathway for the production of 3-hydroxyisobutyrate in C. glutamicum. This 
synthetic pathway involves the use of two heterologous enzymes in C. glutamicum using 
methylmalonyl-CoA as starting substrate. These two enzymes will be detailed in the result 
section of this thesis. The underlying idea is that methylmalonyl-CoA could be provided by 
the action of an enzyme isomerizing succinyl-CoA into methylmalonyl-CoA. Such activity is 
catalysed by the methylmalonyl-CoA mutase which has been described in several organisms. 
However, this activity has not yet been characterized in C. glutamicum although the genes 
NCgl1471 and NCgl1472 are annotated as proteins putatively possessing such an activity 
(Kalinowski et al., 2003). The work presented here was conceived to study and characterize 
methylmalonyl-CoA mutase in C. glutamicum in order to further apply this activity to 
establish a new pathway for 3-hydroxyisobutyrate production. 
 




The 5’-deoxyadenosylcobalamin dependent methylmalonyl-CoA mutase catalyzes the 1,2 
rearrangement of the CoA thioester moiety during the reversible isomerization of (R)-
methylmalonyl-CoA and succinyl-CoA. The cofactor 5’-deoxyadenosylcobalamin is used in 
this reaction to create radical intermediates (Banerjee, 2003; Kellermeyer et al., 1964). 5’-
adenosylcobalamin, or coenzyme B12, a member of the cobalt corrinoid family, has three 
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parts: a central corrin ring, an adenosyl moiety, and a nucleotide loop (Lenhert and Hodgkin, 
1961). The central cobalt ion Co(III) is bound to the adenosyl group, via a covalent Co-C 
linkage whose splitting generates two radicals. The adenosylcobalamin-dependent mutases 
and among them the methylmalonyl-CoA mutase utilize this unusual carbon bond as a radical 
initiator (Ludwig and Matthews, 1997). In figure A-7 the mechanistic scheme for the MCM-
catalyzed rearrangement is represented. Substrate binding to MCM triggers Co-C bond 
breakage generating a Co(II) species and the highly reactive 5’-deoxyadenosyl radical which 
is capable of abstracting a hydrogen from substrate to yield substrate radical. This latter 
undergoes intramolecular 1,2 rearrangement to form a product radical. The migrating thioester 
moiety is subsequently replaced by a hydrogen atom from the coenzyme (Banerjee and 
Chowdhury, 1999). The equilibrium of this reaction is in favour of succinyl-CoA formation 
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Figure A-7: Rearrangement catalyzed by the methylmalonyl-CoA mutase 
 
2) Occurrence and functions in organisms 
 
The MCM is present in a broad range of organisms, from bacteria to mammals. However its 
function and role have been studied and characterized only in a few of them. 
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a In humans 
 
In humans, the MCM, localized in the mitochondrial matrix, is involved in propionate 
catabolism: propionate is derived from the catabolism of isoleucine, valine, methionine, and 
threonine, odd-chain fatty acids from intestinal bacterial fermentation and for a minority from 
cholesterol (Walter et al., 1989). Methylmalonyl-CoA is formed via three enzymatic reactions 
during the conversion of propionyl-CoA into succinyl-CoA. Propionyl-CoA is converted to 
(S)-methylmalonyl-CoA by propionyl-CoA carboxylase. Methylmalonyl-CoA epimerase 
transforms the (S)-methylmalonyl-CoA into its (R) form which is further isomerized by the 
MCM to form succinyl-CoA (Fowler et al., 2008) (figure A-8). All these reactions are 
reversible but the pathway proceeds physiologically in the direction of succinyl-CoA 
formation. Any impairment in the MCM function, due to a defect of the enzyme itself or of 
the transport or the metabolism of coenzyme B12 leads to elevated levels of methylmalonic 
acid in body fluids recognized as methylmalonic aciduria. Like the other organic acids 
disorders this disease is characterized by an acute or progressive neurological involvement 
caused by the accumulation of toxic compounds proximal to the metabolic block (Dionisi-
Vici et al., 2006). The different kinds of mutations lead to different levels of residual mutase 
















Figure A-8: Rôle of the methylmalonyl-CoA mutase in human. 
 
b In microorganisms 
 
The MCM genes are conserved and found in a number of bacteria. Its metabolic role rests 
undetermined in most cases, like in E. coli whose mutase is functional in vitro but where no 
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methylmalonyl-CoA is detected in the cells (Dayem et al., 2002; Haller et al., 2000). 
Nevertheless, in propionibacteria and certain polyketide producers, the MCM in metabolism 
is characterized as a key enzyme of fermentation and secondary metabolites production, 
respectively. 
 
− In propionibacteria 
In Propionibacterium shermanii, the MCM finds its role in the ripening of Swiss-style 
cheeses. The MCM acts in this microorganism in the fermentation leading to propionate, 
giving its particular taste to this cheese (Allen et al., 1964; Fox et al., 1990). The formation of 
propionate by propionibacteria has been extensively studied and the enzymes purified and 
characterized (Allen et al., 1964) (figure A-9). The pathway involves the transcarboxylation 
of pyruvate and (S)-methylmalonyl-CoA to oxaloacetate and propionyl-CoA. The coenzyme 
A group from propionyl-CoA is transferred to the succinate issued from the TCA cycle and 
propionate and sucinyl-CoA are formed. The MCM isomerizes the succinyl-CoA to form (R)-
methylmalonyl-CoA further epimerized in (S)-methylmalonyl-CoA by a methylmalonyl-CoA 
epimerase. Acetate and CO2 are formed simultaneously from pyruvate. They participate both 
in the cheese ripening process and contribute to flavor or hole formation (Allen et al., 1964; 







































Figure A-9: Propionate fermentation in Propionibacterium shermanii: L-lactate 
dehydrogenase (1), pyruvate dehydrogenase (2),  phosphotransacetylase (3), 
acetokinase (4), transcarboxylase (5), malate dehydrogenase, (6), fumarase, (7), 
fumarate reductase (8), propionyl-CoA transferase (9), methylmalonyl-CoA mutase 
(10), epimerase (11).  
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− In polyketides producers 
Methylmalonyl-CoA enters in the composition of many polyketides such as notably the 
antibiotics erythromycin or monensin (Cortes et al., 1990; Donadio et al., 1991; Liu and 
Reynolds, 1999). These polyketides are synthesized in a stepwise manner whereby simple 
building blocks consisting of coenzyme A esters are condensed by large multimodular 
enzymes belonging to group I of the polyketide synthases. In these enzymes, each module is 
responsible for the condensation cycle of a building unit to the polyketide. Relaxed specificity 
in the selection of the unit at a given step leads to the simultaneous synthesis of different 
polyketides (Chuck et al., 1997; Donadio and Sosio, 2003). Nevertheless the production of the 
desired polyketides at increased levels requires the synthesis of the right building units in 
large excess. The availability of the starter and extender units may represent in the producers 
a limiting factor for the synthesis of high quantities of polyketides during the fermentation 
processes. Therefore, besides manipulating the polyketide synthases themselves, it is 
important to understand and to be able to control the biosynthesis of the precursor units in 
order to be able to control the desired polyketide production. 
Monensin is produced in Streptomyces cinnamonensis as two analogs: monensin A and 
monensin B. At one elongation step during biosynthesis, a module accepts either 
ethylmalonyl-CoA or methylmalonyl-CoA as extender unit enabling the production of 
monensin A or B, respectively (Liu and Reynolds, 1999). Given that the ratio between 
monensins A and B depends on the ratio of ethylmalonyl-CoA and methylmalonyl-CoA, 
studies with S. cinnamonensis focused on the pathways for the formation of these precursors. 
Ethylmalonyl-CoA is generated by carboxylation of butyryl-CoA (Liu and Reynolds, 1999) 
(figure A-10), whereas methylmalonyl-CoA generation depends on several pathways (figure 
A-10). One of these pathways implies the MCM isomerizing succinyl-CoA (Birch et al., 
1993; Marsh, 1999). Methylmalonyl-CoA can also be generated by the carboxylation of 
propionyl-CoA by either propionyl-CoA carboxylase or methylmalonyl-CoA 
transcarboxylase (Bramwell et al., 1996; Hunaiti and Kolattukudy, 1982; Rodriguez and 
Gramajo, 1999). A third route consists of the multistep oxidation of isobutyryl-CoA generated 
from valine-catabolism or isomerization of butyryl-CoA catalyzed by another coenzyme B12-
dependent mutase, the isobutyryl-CoA mutase (Zerbe-Burkhardt et al., 1998). Butyryl-CoA is 
issued from the metabolism of fatty acids via acetyl-CoA. Recently a new pathway has 
emerged to participate in methylmalonyl-CoA formation that involves an MCM-like protein, 
MeaA, whose gene is present in S. cinnamonensis, S. collinus and Methylobacterium 
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extorquens (Smith et al., 1996; Zhang and Reynolds, 2001). The role of the different routes to 
generate methylmalonyl-CoA depends on the predominant carbon source present in the 
fermentation medium. In industrial fermentation media valine and carbon sources leading to 
propionyl-CoA are present in such small concentrations that they are not considered to 
contribute to methylmalonyl-CoA formation (Li et al., 2004; Zhang and Reynolds, 2001). In 
oil-based medium, the catabolism of fatty acids leads to acetyl-CoA and is thereafter 
metabolized to butyryl-CoA even if the MCM encoding genes are expressed in these 
conditions (Li et al., 2004). Isomerization of succinyl-CoA by the MCM, followed by 
epimerization, is the major source of methylmalonyl-CoA on carbohydrates and protein based 




























Figure A-10: Pathways for the biosynthesis of the ethylmalonyl-CoA and methylmalonyl-
CoA units entering in monensin composition in Streptomyces cinnamonensis (CCR: Crotonyl-
CoA reductase, ICM: Isobutyryl-CoA mutase, MCM: Methylmalonyl-CoA mutase) (Li et al., 
2004). 
 
During erythromycin biosynthesis, needing six methylmalonyl-CoA units, in the producer 
Saccharopolyspora erythraea the role of the different pathways seems to be different to that 
which is observed in S. cinnamonensis. In S. erythraea the pathway through butyryl-CoA is 
not participating to the formation of the methylmalonyl-CoA pool, propionyl-CoA 
carboxylation and the MeaA pathway are thought to be involved (Reeves et al., 2006). The 
 30 Introduction 
direction of the flow of the MCM reaction is therefore reversed during the two different 
fermentations, in the direction of succinyl-CoA on carbohydrate-based medium and in the 
direction towards methylmalonyl-CoA on oil-based medium. 
 
− Heterologous expression of the mutase 
The genes encoding the methylmalonyl-CoA epimerase and mutase from P. shermanii have 
been introduced in E. coli together with the genes from Streptomyces coelicolor encoding the 
6-deoxyerythronolide B synthase. It was shown that methylmalonyl-CoA formation was 
essential to sustain 6-deoxyerythronolide B biosynthesis (Dayem et al., 2002). 
As in E. coli, methylmalonyl-CoA is not detectable in Pseudomonas putida. A strain has been 
engineered that could produce a methylmalonyl-CoA-containing myxobacterial secondary 
metabolite by expression of the biosynthetic gene cluster together with the MCM and 
methylmalonyl-CoA epimerase encoding genes from the original producer Sorangium 
cellulosum (Gross et al., 2006). 
 
3) The dimeric methylmalonyl-CoA mutase 
 
The MCM are dimeric enzymes, but they are found as homodimers as well as heterodimers 
according to the organism considered. Homodimeric MCMs, like those described in human, 
mouse, E. coli or Sinorhizobium meliloti, consist of 2 identical large α subunits, each with a 
molecular weight between 78 and 80 kDa (Haller et al., 2000; Jansen et al., 1989; Miyamoto 
et al., 2003; Wilkemeyer et al., 1990). The heterodimeric MCMs, are formed by an α subunit, 
and a second smaller 68-70 kDa monomer, the β subunit. Examples of heterodimeric MCMs 
are found in P. shermanii, S. cinnamonensis, or Porphyromonas gingivalis (Birch et al., 1993; 
Jackson et al., 1995; Marsh et al., 1989). 
The α subunit is qualified as the active subunit because it possesses the domains responsible 
for coenzyme and substrate binding when the β subunit, seems to have only a role of 
stabilization of the entire complex (Gruber and Kratky, 2006). However, the two subunits are 
very similar and exhibit in P. shermanii for example, 24 % sequence identity with each other.  
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4) MeaB 
 
It was recently observed that the disorder due to defects of the MCM in humans, beside 
mutation in the gene encoding the mutase and impairment of adenosylcobalamin metabolism, 
results also from mutations in the gene MMAA, which was already known to be somewhat 
involved in the conversion of methylmalonyl-CoA to succinyl-CoA (Dobson et al., 2002; 
Matsui et al., 1983). Since the homologue of MMAA in E. coli, argK, was assigned as a 
membrane ATPase required for transport of arginine, ornithine and lysine into the cells, the 
MMAA product was originally proposed to be involved in coenzyme B12 transport (Celis, 
1990). However, the strong conservation of orthologues of this gene in organisms that harbor 
MCM, in most cases located in close proximity to mutase genes (Bobik and Rasche, 2001; 
Haller et al., 2000), suggested a common auxiliary function for its product in the context of 
the mutase. The function of this protein has been studied in M. extorquens AM1. It is known 
that during the catalytic cycle of other B12- dependent enzymes, like glycerol or diol 
dehydratase, these enzymes may undergo inactivation due to irreversible cleavage of 
adenosylcobalamin. This requires exchange with intact cofactor by an ATP-dependent 
reactivase (Kajiura et al., 2001). P. shermanii MCM, which activity has generally been 
studied for the purified dimeric enzyme, has been shown to be subject to inactivation under 
aerobic conditions, and to be stable in the absence of substrate (Thoma et al., 2000). A role 
has been proposed for MeaB in protection or reactivation of MCM. Studies on extracts of a 
M. extorquens mutant deleted of meaB showed that the defect of MCM activity of this strain 
was partially restored when it was cultivated without adenosylcobalamin or in conditions 
where no methylmalonyl-CoA was present, i.e., in conditions alleviating inactivation resulting 
from catalysis (Korotkova and Lidstrom, 2004). The product of meaB, belonging to the G3E 
sub-family of the P-loop GTPases, is found as a dimer (Hubbard et al., 2007; Korotkova and 
Lidstrom, 2004). MeaB possesses GTPase activity that is 100-fold increased in presence of 
the mutase (Padovani and Banerjee, 2006). Formation of a complex between MeaB, the MCM 
and adenosylcobalamin is observed, and it was actually found that GTP hydrolysis is required 
for binding of adenosylcobalamin to the MCM-MeaB-methylmalonyl-CoA-GTP complex. 
Additionally to the help for cofactor binding to the MCM, MeaB is, as part of the complex, 
protecting the MCM from inactivation. The protective effect of the MeaB-GTP on MCM 
activity does not appear to be driven by the energy of GTP hydrolysis but rather by 
conformational changes (Padovani and Banerjee, 2006). 
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B MATERIALS AND METHODS 
 
I) Bacterial strains and plasmids 
 
1) Bacterial strains 
 
The bacterial strains used in this work are listed in table B-1 with their characteristics and 
origin. 
 
Table B-1: Bacterial strains used in this work with their characteristics and origin 
Strain Characteristics Reference 
E. coli   
K12 MG1655 F- λ - ilvG- rfb-50 rph-1 (Blattner et al., 
1997) 
DH5α supE44 ΔlacU169 (Φ80lacZΔM15) hsdR17 
recA1 endA1 gyrA96 thi1relA1 
(Hanahan, 
1983) 
BL21  F- ompT gal dcm Ion hsdSB(rB-mB-)λ Invitrogen 
   
C. glutamicum   
ATCC13032 Wild type strain (Abe et al., 
1967) 
13032 ΔaccD4 derived from ATCC 13032, in frame deleted 
for accD4(NCgl0797) 
This work 
13032 Δ1859-57 derived from ATCC 13032, in frame deleted 
for NCgl1470, NCgl1471 and NCgl1472 
This work 
13032 ΔacnRΔsucCD derived from ATCC 13032 Laboratory 
Prof. Bott 
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2) Vectors used and constructed 
 
The plasmids used in this work are listed in table B-2 and a description of the techniques 
employed in their construction follows. A list of the oligonucleotides used as primers for PCR 




Table B-2: Plasmids used in this work with their characteristics and origin 
Plasmid Characteristics, markers Reference 
pEKEx2 KanR, Ptac, lacIq, pBL1 oriVC.g., pUC18 




pEKEx2MCM_coli KanR , derived from pEKEx2, carrying the 
two E. coli MG1655 genes: sbm and argK  
This work 
pEKEx2MCM_Cgl KanR , derived from pEKEx2, carrying the 
C. glutamicum ATCC13032 genes: 
NCgl1470, NCgl1471 and NCgl1472 
This work 
pEKEx2MCM_RE KanR , derived from pEKEx2, carrying the 
R. eutropha JMP134 gene: Reut_A0253 
adapted for C. glutamicum  
This work 
pEKEx2MCM_SR KanR , derived from pEKEx2, carrying the 
S. ruber DSM13855 gene: Sru_1689 
adapted for C. glutamicum 
This work 
pGA4MCM_RE AmpR , pGA4 carrying the R. eutropha 
JMP134 gene: Reut_A0253 adapted for C. 
glutamicum 
Gene Art 
pGA4MCM_SR AmpR , pGA4 carrying the S. ruber 
DSM13855 gene: Sru_1689 adapted for C. 
glutamicum 
Gene Art 
pK19mobsacB KanR, oriVE.c., oriT, mob, sacB, E. coli 
mobilisable vector for the construction of 
deletion mutants in C. glutamicum 
(Schafer et al., 
1994b) 
pUC19 AmpR, colE1, vector used for subcloning 
in E. coli 
(Yanisch-Perron 
et al., 1985) 
pK19mobsacBD1859-57 KanR, derived from pK19mobsacB with a 
873 bp cross-over PCR fragment for the 
deletion of NCgl1470, NCgl1471 and 
NCgl1472 in C. glutamicum. 
This work 
pK19mobsacBDaccD4 KanR, derived from pK19mobsacB with a 
1102 bp cross-over PCR fragment for the 
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Table B-2 (continuing): Plasmids used in this work with their characteristics and origin 
Plasmid Characteristics, markers Reference 
pK19mobsacBDaccD4 KanR, derived from pK19mobsacB with a 
1102 bp cross-over PCR fragment for the 





E. coli vector for the expression of the 
fused icmA and icmB from Aquincola 
tertiaricarbonis 
Evonik 
pEC-XT99A TcR ,lacIq Ptrc inducible shuttle vector for 






TcR, derived from pEC-XT99A, carrying 
the T. thermophilus 3-hydroxyisobutyrate 
dehydrogenase encoding gene adapted for 




TcR, derived from pEC-XT99A, carrying 
the T. thermophilus 3-hydroxyisobutyrate 
dehydrogenase gene and S. tokodaii wild 
type malonyl-CoA reductase encoding 
gene both adapted for C. glutamicum  
Evonik 
pEC_D_MCR (abbreviation for 
pEC-XT99A_3HIBDH_MCR) 
TcR, derived from pEC-XT99A, carrying 
the T. thermophilus 3-hydroxyisobutyrate 
dehydrogenase gene adapted for  
C. glutamicum and the S. tokodaii mutated 




a Construction of pEKEx2MCM_coli  
 
The genes sbm and argK were amplified by PCR from the genome of E. coli K12 MG1655 
with the primers pREC02839-40_for and pREC02839-40_rev (see Table B-3). The 3 kb 
fragment was subcloned into the pUC19 vector via a SmaI restriction. The two genes were 
subsequently transferred into pEKEx2 as an EcoRI fragment and placed under the control of 
the tac promoter for their expression (Eikmanns et al., 1991). 
 
b Construction of pEKEx2MCM_Cgl  
 
The genes NCgl1470, NCgl1471 and NCgl1472 were amplified by PCR from the genome of 
C. glutamicum ATCC13032 using the primers pcg1859-57_for and pcg1859-57_rev (see 
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Table B-3). The 5 kb fragment was subcloned into the pUC19 vector via a SmaI restriction. 
The three genes were then transferred into pEKEx2 as a SalI fragment under the control of the 
tac promoter. 
 
c Construction of pEKEx2MCM_RE and pEKEx2MCM_SR 
 
The sequences of the genes Reut_A0253 from Ralstonia eutropha JMP134 and SRU_1689 
from Salinibacter ruber DSM13855 (3308 base pairs) were adapted to C. glutamicum codon 
usage by the company Gene Art (Regensburg) (see alignements in annexes). The adapted 
sequences were received in pGA4 vector and transferred into pEKEx2 to give the vectors 
pEKEx2MCM_RE and pEKEx2MCM_SR expressing respectively Reut_A0253 
andSRU_1689. 
 
d Construction of pK19mobsacBD1859-57 
 
Fragments flanking the genomic region to delete in C. glutamicum, corresponding to the 
genes NCgl1470, NCgl1471 and NCgl1472 were amplified by PCR with the pair or primers 
pcoMMCoAM_A/ pcoMMCoAM_B2 and pcoMMCoAM_C/ pcoMMCoAM_D2. The 
fragments obtained in these two reactions were used as templates in a second round of PCR 
amplification with the external primers pcoMMCoAM_A and pcoMMCoAM_D2 (list of 
primers in table B-3). The final amplified product was cloned into the vector pK19mobsacB 
as an EcoRI fragment. 
 
e Construction of pK19mobsacBDaccD4 
 
Fragments flanking the C. glutamicum gene NCgl0797 (accD4) to be deleted were amplified 
with the pair of primers pd-accDA_Nout / pd-accDA_Nin and pd-accDA_Cout / pd-
accDA_Cin (list of primers in table B-3). The external primers pd-accDA_Nout and pd-
accDA_Cout were used to amplify the final fragment cloned into pK19mobsacB in its BamHI 
site. 
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f Construction of pEC_DH_MCR 
 
The mutated methylmalonyl-CoA reductase gene was received from the Evonik on a plasmid 
whose complete sequence has not been communicated. The gene was amplified with the pair 
of primers pr_evolvedMMCoAR_front and pr_evolvedMMCoAR_rev (list of primers in table 
B-3). The 3-hydroxyisobutyrate encoding gene from T. thermophilus was amplified from the 
plasmid pEC-XT99A_3HIBDH_MMCoAR with the primers pr_3HIBDH_front and 
pr_3HIBDH_rev. The tail introduced via the rev primer is complementary to 5’end of the 
PCR fragments carrying to the mutated methylmalonyl-CoA reductase gene. A second run of 
PCR amplification was performed with the two primers pr_3HIBDH_front and 
pr_evolvedMMCoAR_rev. The templates for this amplification consisted of the fragment 
carrying the 3-hydroxyisobutyrate dehydrogenase gene and the fragment corresponding to the 
reductase gene. These fragments were cut with the restriction enzymes XbaI and KpnI and 
ligated in pEC-XT99A_3HIBDH_MMCoAR digested with the same enzymes in order to give 
the vector pEC_DH_MCR encoding the T. thermophilus 3-hydroxyisobutyrate dehydrogenase 
and the mutated methylmalonyl-CoA reductase under the control of the IPTG inducible 
promoter Ptrc. 
 
g Construction of pEC-XT99A_DH 
 
The 3-hydroxyisobutyrate encoding gene from T. thermophilus was amplified from the 
plasmid pEC-XT99A_3HIBDH_MMCoAR with the primers pr_3HIBDH_front and 
pr_3HIBDH_XbaI (list of primers in table B-3). The fragment was then digested with the 
enzymes KpnI and XbaI to be cloned under the control of the IPTG inducible promoter Ptrc 
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Table B-3: List of the oligonucleotides used as primers for PCR amplification in this work. 


























II) Cultivation media 
 
1) Media composition 
 
LB complex medium 10 g/l NaCl, 10 g/l Trypton, 5 g/l Yeast Extract. 15 g/l Agar-
Agar (Difco, USA) was added for agar plates (Bertani, 1951). 
 
SOB medium 20 g/l Trypton, 5 g/l Yeast Extract, 0.6 g/l NaCl, 0.2 g/l KCl, 
pH 6.8 to 7, and after sterilization by autoclaving 10 ml of a 
1M MgCl2 1M MgSO4 solution. 
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BHI complex medium 37 g/l Brain Heart Infusion (Difco, USA) 
 
BHI agar complex medium 52 g/l Brain Heart Infusion Agar (Difco, USA) 
 
CGIII complex medium 2.5 g/l NaCl, 10 g/l Peptone, 10 g/l Yeast Extract (Difco, 
USA), pH 7.4 
 
CGXII minimal medium 20 g/l (NH4)2SO4, 5 g/l urea, 1 g/l KH2PO4, 1 g/l K2HPO4, 
0.25 g/l MgSO4. 7H20, 42 g/l 3-morpholinopropanesulfonic 
acid (MOPS), 10 mg/l CaCl2, 0.2 mg/l biotin, adjust the pH at 
7 and after sterilization by autoclaving : 10 mg/l FeSO4. 7H20, 
10 mg/l MnSO4. H20, 1 mg/l ZnS04 7H20, 0.2 mg/l CUSO4, 
0.02 mg/l NiCl2. 6H20, and 30 mg/l protocatechuic acid 
(Keilhauer et al., 1993). 
 
2) Escherichia coli strains 
 
Cultures of the various E. coli strains were performed at 37°C in complex LB medium, 
supplemented with agar for cultivation on plates. For the preparation of chemo-competent 
cells, E. coli strains were cultivated in SOB medium. When it is indicated Isopropyl β-D-1-
thiogalactopyranoside (IPTG) was used at the concentration of 0.1 mM. 
Long term conservation of the strains was in LB medium with 30% glycerol (v/v) at  
-70 °C. 
Carbenicillin and Kanamycin were used at a concentration of 50 µg/ml in liquid and solid 
media. 
Growth of the bacteria during cultivation was followed by measuring the turbidity of the 
suspension at the optical density of 600 nm (OD600 nm). 
 
3) Corynebacterium glutamicum strains 
 
For routine cultivation, DNA isolation and preparation of electro-competent cells, the bacteria 
were cultivated in complex LB medium or BHI medium supplemented with 91 g/l sorbitol. 
 40 Materials and Methods 
When the experiments involved the growth of C. glutamicum in CGXII minimal medium on 
different carbon sources, they were added with the following concentrations: 4 % glucose, 2 
% acetate (Na-acetate) or 1 % propionate (Na-propionate). For the growth on glucose as 
carbon source, the strains were precultured overnight in 500 ml flasks with 50 ml complex 
media BHI or CGIII containing 2 % glucose. After washing, the appropriate volume from the 
preculture was used to inoculate the main minimal medium 50 ml culture in 500 ml flasks 
containing glucose so as to initiate growth with a starting OD600nm of 1. For the study of C. 
glutamicum on acetate and propionate, strains were cultivated first in the complex medium 
preculture (50 ml in 500 ml flask) and used directly (4 ml without any washing step) to 
inoculate a second preculture in minimal medium CGXII containing respectively acetate or 
propionate as carbon source. The main culture was then inoculated after washing from this 
second preculture to start with an OD600nm of 1. When it is indicated 0.1 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) and adenosylcobalamin (Coenzyme B12, Sigma) were added in 
the medium. 
C. glutamicum was grown in 500 ml flasks containing 50 ml medium at 30 °C with shaking 
(120 rpm). For experiments under decreased aeration, the strains were cultivated in 500 ml 
flasks containing 100 ml culture medium and the shaking conditions were reduced to 60 rpm 
or 30 rpm. When methylmalonate was used, concentrations of 10 mM or 20 mM, alone or 
with 100 mM glucose as specified were used. 
Anaerotest strip (Merck). The plates consisted of CGXII minimal medium containing the 
appropriate carbon source and 30 mM nitrate. For the test on acetate and propionate, as was 
done in liquid culture, the strains were plated after two precultures. Pyruvate and lactate were 
added at the concentration of 100 mM in plates. 
Washing the cells consisted of harvesting the needed amount of the culture (6 000 rpm for 5 
min) and washing in 30 ml 0.9 % NaCl (6 000 for 10 min at room temperature). 
Long term conservation of the strains was in LB medium with 30% glycerol (v/v) at -70°C. 
Kanamycin was used at a concentration of 25 µg/ml. Tetracycline was used at 2.5 µg/ml in 
BHI and 5µg/ml in LB. After transformation, kanamycin and tetracycline in plates were used 
at 15 µg/ml and 2.5 µg/ml respectively. When antibiotics could not be added in the cultivation 
medium, the bacteria were tested afterwards for the presence of the plasmids by plating on 
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III) Molecular and genetic techniques 
 
1) DNA isolation 
 
Genomic DNA from Escherichia coli and C. glutamicum was extracted with the DNeasy 
Tissue Kit from Qiagen (Hilden) after the manufacturer’s instructions. Plasmid preparations 
were carried out following the principle of alkaline lysis with the QIAprep Spin Miniprep kit 
from Qiagen (Hilden). The thickness of C. glutamicum cell wall necessitated the addition of 
an additional step in the protocol consisting of an incubation with lysozyme (15 mg/ml). In 
order to increase the amount of plasmid purified the QIAFilter Plasmid Purification kit was 
used. 
 




The DNA was digested with 3 to 5U of the restriction endonucleases (Roche Diagnostics, 
Manheim; Fermentas; New England Biolabs, Frankfurt/Main) in a total volume of 20 µl with 
the buffer corresponding to the enzyme and at the appropriate temperature during at least 2 
hours. The DNA concentration of the sample was analyzed with the help of a NanoDrop-ND-
1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, USA) and the amount of 
DNA to be digested was calculated on the base of the planned protocol in every case. 
 
b Dephosphorylation and phosphorylation of linear DNA 
 
Dephosphorylation at the 5’end of the open vectors in order to avoid religation was performed 
with shrimp alkaline phosphatase (SAP, Roche Diagnostics, Manheim). Phosphorylation of 
PCR fragments before cloning into dephosphorylated vectors was carried out using the 
polynucleotide kinase (Roche Diagnostics, Manheim). 
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c Analysis 
 
DNA fragments were separated and analyzed by gel electrophoresis on 1 to 2% agarose 
(Biobudget) in Tris Acetate EDTA buffer (20 mM Tris, 0.16 % acetic acid, 0.6 mM EDTA, 
pH 8). Samples were mixed with 6X DNA Loading Dye (Fermentas) and DNA visible under 
UV-light after incubation of the gel in ethidium bromide. The fragment sizes were compared 




DNA samples were washed with the MinElute Reaction Cleanup kit (Qiagen) and 
concentrated in 10 µl. When separation of different fragments was necessary, the complete 
DNA sample was submitted to electrophoresis on agarose gel.The fragment of interest was 




The Rapid Ligation kit from Roche (Manheim) was used for ligation, at room temperature for 





a Preparation and Transformation of Escherichia coli chemo-competent cells 
The bacteria were prepared with rubidium chloride to be competent to the transformation by 
heat-shock treatment. A colony issued from a fresh LB plate was used to inoculate 50 ml of 
SOB medium in a 500 ml flask at 37°C. When the optical density at 600 nm of the culture 
reached 0.2 to 0.4, the cells were stored on ice for 10 minutes. The following protocol was 
employed after Hannahan (Hanahan, 1983). Aliquots of 200 µl sufficient for one 
transformation were frozen in liquid nitrogen and stored at -70°C. For the transformation, the 
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chemo-competent cells and the complete ligation mix were mixed. After a 30 minutes 
incubation on ice, the DNA was fixed to the cells and a short heat-shock (90 seconds at 42°C) 
allowed its entry into the receptor cells. The cells were then incubated in 800 µl of LB 
medium (1 h at 37°C) in order to let the cells regenerate and permit the expression of the 
resistance before plating on LB agar containing the appropriate antibiotic. 
 
b Preparation and Transformation of Corynebacterium glutamicum electro-
competent cells 
 
The transformation of C. glutamicum was performed by electroporation followed by heat-
shock (Tauch et al., 2002). A colony of the C. glutamicum strain was utilized to inoculate 50 
ml of complex BHI medium supplemented with 91 g/l sorbitol (BHIS medium). From this 
over-night preculture, 2 ml were used to inoculate 100 ml of BHIS medium, and the culture 
was performed up to an optical density at 600 nm of 1.75. The cells were then harvested (20 
min, 6000 rpm, 4°C) and washed successively three times with 20 ml TG buffer (1 mM Tris, 
10 % glycerol, pH 7.5) and twice with 20 ml of 10 % glycerol. The pellet was finally 
suspended in 1ml 10 % glycerol and 150 µl aliquots of cells were frozen in liquid nitrogen 
and stored at -70°C. For the transformation an aliquot of cells and DNA were mixed and 
placed in a precooled electroporation cuvette (Typ 16 S 2086, Biorad, München). After 
addition of 800 µl of cold 10 % glycerol, the electroporation was performed at 2.5 kV 200 Ω 
25 µF in a Biorad Gene Pulser (Biorad, München). Immediately after the electric pulse, the 
cell suspension was transferred into 4 ml of prewarmed BHIS in a 15 ml tube and incubated 
for 6 min at 46°C. This heat-shock inactivates the restriction system in C. glutamicum in order 
to increase the transformation efficiency towards heterologous DNA (Schafer et al., 1994a). 
Finally, the bacteria in the BHIS were incubated at 30°C for 1 h in order to regenerate and 
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4) Amplification by Polymerase Chain Reaction (PCR) 
 
Amplification by PCR was used to produce fragments for further cloning or for verification of 
deletion mutants from C. glutamicum. When the amplification of DNA had a cloning purpose, 
the PCRs were carried out using the Kod Hot Start DNA Polymerase (Merck Biosciences, 
Darmstadt) because of its optimized high-fidelity. Genomic or plasmidic DNA were used as 
template in a 50 µl reaction mix containing also, the enzyme, the enzyme buffer, dNTPs with 
a concentration of 2 mM each, 25 mM MgSO4 and primers with a concentration of 10 µM. 
For each reaction two oligonucleotides framing the region to amplify were chosen as primers 
and synthesized at the company MWG-Biotech AG (Ebersberg). They were designed to have 
a melting temperature between 61 and 65°C (calculated from their GC composition: 2°C per 
adenine-thymine base pair + 4°C per cytosine-guanine base pair – 5°C). The PCR was 
programmed to start with 4 min at 94 °C, followed by a cyclic repeat of a denaturation step at 
94 °C during 30 sec, an annealing step at 55 to 65 °C during 30 sec and an elongation step at 
72 °C during 1 min. 
When the aim of the amplification was to verify the deletion of a gene in the genome of C. 
glutamicum, the PCR was performed using the Taq DNA polymerase (Qiagen). In this case 
the template for the amplification was 5 µl of a solution resulting from the incubation of a 
colony in 100 µl of water at 95 °C during 10 min. The total volume of the reaction was then 
25 µl and the rest of the reaction mix followed the manufacturer’s instructions. 
 
5) Construction of deletion mutants in Corynebacterium glutamicum 
 
The method used for the construction of deletion mutants in this work is based on the use of a 
non-replicative vector in C. glutamicum successively integrating in and excising from the 
genome replacing the wild type gene by a modified copy. The vector used pK19mobsacB 
enabled two rounds of positive selection for homologous recombination (Schafer et al., 
1994b; Schwarzer and Puhler, 1991). It harbours the gene encoding the resistance against 
kanamycine and the gene sacB encoding the levan sucrase, enzyme that converts sucrose to 
the toxic levan (Bramucci and Nagarajan, 1996). 
The fragment carrying the genomic region with the deletion was created by the technique of 
cross-over PCR (Link et al., 1997), described here theoretically. A first round of PCR 
amplified two fragments of the same size flanking the region to delete. The inner primers used 
 
 45 Materials and Methods 
in these parallel PCRs harboured a 21 bases pair complementary linker tail. The fragments 
issued from the first round of amplification were then partially complementary to each other. 
They were used together as template in the second round of PCR with the external 
oligonucleotides from the first PCRs as primers. The final product of these amplifications 
consisted in the wild type genomic region in which the gene of interest had been deleted. The 
construction of this fragment was designed in order to place the linker tail between the 
original start and stop codons of the gene to delete. The deletion of the gene is in frame and 
there is possibility for the transcription of a small product. Thus the method does not 
introduce any break in the transcription of a possible operon for example. After appropriate 
restriction, this fragment was ligated with the dephosphorylated open vector pK19mobsacB. 
After amplification via transformation in E. coli, and verification of the sequence via 
restriction, the final cloning vector was used to transform C. glutamicum. Potential integrants 
were selected after transformation on a medium containing kanamycin. At this step they were 
tested for the integrity of the gene sacB by plating on LB medium containing 10 % sucrose. 
Kanamycin resistant and sucrose sensitive clones issued from this first round of selection 
were cultivated over-night in complex medium (LB) without any selection and dilutions of 
these cultures were plated on complex medium LB with sucrose. The clones resistant to 
sucrose were tested for their sensitivity towards kanamycin indicating that they actually went 
through a second recombination event leading to the vector excision. A final verification 
consisted in a PCR amplification on colony in order to verify if, for each sucrose resistant and 
kanamycin sensitiv clone, the excision left the wild type or the deleted copy of the gene in the 
genome. This PCR was carried out, with other primers than the primers used during the 
construction of the vector, giving different fragment sizes for the wild type or the deleted 
allele. 
The C. glutamicum deletion mutants constructed in this study were Δ1859-57 (deletion of the 
region encompassing thegenes NCgl1470, NCgl1471 and NCgl1472), ΔaccD4, and ΔldhA. 
The construction of the corresponding vectors carrying the cross-over PCR fragments 
pK19mobsacBD1859-57, pK19mobsacBDaccD4, pK19mobsacBDldhA is described in the 
paragraph dedicated to vector construction (this section, I  2). For C. glutamicum Δ1859-57, 
the final genomic amplification in order to verify the excision of the plasmid and the deletion 
were performed simultaneously with the pairs of primers pVerifdelet_for pVerifdelet_rev 
giving a 1 kb fragment for the deletion mutant, pVerifdelet_for/pVerifwt_for giving a 0.6 kb 
fragment for the wild type and pVerifdelet_rev/pVerifwt_rev giving a 0.9 kb fragment for the 
wild type. The deletion of accD4 was verified by colony PCR with the pair of primers 
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paccDA_rev4/ paccDA_for4 amplifying a 2576 bp fragment in the wild type situation and a 
1174 bp fragment when the deletion occurred. The oligonucleotides used as primers are listed 
in table B-3. 
 
6) Sequencing of DNA and in silico analysis of DNA sequences 
 
All the DNA sequencing was carried out by the company Agowa (Berlin). The sequences 
were analysed in silico with the program Clone Manager (version 6; Scientific and 
Educational Software). The similarity searches between sequences were made with the 
program Blast (Altschul et al., 1997), using sequences given by the databases available at the 
National Center for Biotechnology Information (NCBI, Washington, USA; 
http://www.ncbi.nlm.nih.gov/). The database ERGO (http://ergo.integratedgenomics.com/) 
was also used for analysis of genomic sequences from C. glutamicum. 
 
IV) Microarrays Analysis 
 
1) Cultivation of the Corynebacterium glutamicum strains 
 
At the appropriate time point, 20 ml of the cultures were rapidlly poured into precooled ice 
containing tubes and cells were harvested by centrifugation (10 min at 6000 rpm and 4°C). 
The pellets were either used directly for RNA isolation or frozen in liquid nitrogen and placed 
at – 20°C for later use. 
 
2) Total-RNA extraction from Corynebacterium glutamicum 
 
The cells pellets were suspended in 700 µl of β-mercaptoethanol containing RLT buffer 
(Qiagen-RNeasy kit, Qiagen) and transferred in two 1.5 ml tubes with 250 µg 0.1 mm silica 
beads (Roth, Karlsruhe, Germany). The RLT buffer is a highly denaturing buffer that contains 
guanidine-thiocyanate, which immediately inactivates RNases to ensure purification of intact 
RNA. After mechanical disruption of the cells (30 sec, Silamat Plus, Vivadent) and 
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centrifugation ( 2 min at 13 000 rpm), the supernatant obtained was used for RNA preparation 
using the Qiagen-RNeasy kit (Qiagen) with on-column DNase (RNase-Free DNase Set, 
Qiagen) treatment according to the manufacturer’s instructions. The RNA samples were 
analyzed for their concentration using a NanoDrop-ND-1000 spectrophotometer (NanoDrop 
Technologies Inc., Wilmington, USA) and then stored at – 20 °C until used. 
 
3) Synthesis of fluorescently labelled cDNA 
 
RNA isolated from experiments to be compared was prepared in parallel. Identical amount of 
RNA for the two conditions (20 to 25 µg) were mixed separately with 500 ng pdN6 random 
hexamer primer (Invitrogen) in RNase-free water in a total volume of 15 µl and incubated 10 
min at 65°C followed by 2 min on ice. The complementary DNA synthesis and labelling were 
carried out by reverse transcription with the enzyme Superscript II (Invitrogen) and the 
fluorescent nucleotide analogues FluoroLink Cy3-dUTP (green) or Cy5-dUTP (red) 
(Amersham Pharmacia). In each RNA-primer sample were added 3 µl of one of the Cy-died 
d-UTP (Cy3-dUTP or Cy5-dUTP). The reaction was performed in a buffer containing 50 mM 
Tris–HCl, pH 8.3, 75 mM KCl, 3 mM MgCl2, 10 mM DTT, 0.5 mM dATP, 0.5 mM dGTP, 
0.5 mM dCTP, 0.2 mM dTTP and 400 U of the reverse transcriptase. The reaction mixtures 
were incubated for 10 min at room temperature and then for 110 min at 42 °C. The reactions 
were stopped by addition of 10 µl 0,1N NaOH and incubating for 10 min at 70 °C in order to 
hydrolyze RNA. Neutralization of the samples was then made by addition of 10 µl 0,1N HCl. 
The labelled CDNA probes were purified and concentrated using the Microcon YM-30 filter 
units (Millipore). The first washing was made in parallel for the two columns containing the 
two samples to be compared (spinning 9 min at 13 000 rpm in the right orientation then 
turning the column in a new tube and spinning 1 min at 13 000 rpm). The two samples were 
then pooled together and two further rounds of washing were performed. 
 
4) Hybridization of the labelled complementary DNA on Microarrays 
 
The microarrays harboured 70 base long oligonucleotides based on the genome of C. 
glutamicum ATCC13032 (Kalinowski et al., 2003) and were obtained from the company 
Operon (Cologne, Germany). Preparation of the chip prior to hybridization was carried out 
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according to the manufacturer’s instructions. Hybridization was performed for 16–18 h at 
42°C using a MAUI hybridization system (BioMicro Systems, Salt Lake City, USA). Post-
hybridization included washing the chip and drying by centrifugation (5 min at 1 600 g). The 
fluorescence was determined at 532 nm (Cy3-dUTP) and 635 nm (Cy5-dUTP) with 10 μm 
resolution using an Axon GenePix 6000 laser scanner (Axon Instruments, Sunnyvale, USA). 
the picture was analysed with GenePix image analysis software and the results were saved as 
GPR-file (GenePix Pro 6.0, Axon Instruments) processed with the BioConductor/R-packages 
limma and marray (http://www.bioconductor.org) for normalization of the data. 
 
V) Biochemichal Techniques 
 
1) Preparation of crude extracts 
 
E. coli and C. glutamicum strains were precultivated in 5 ml of LB medium containing the 
correct antibiotics at 37°C and 30°C respectively. For E. coli, the 50 ml LB cultures with 
antibiotics were inoculated to start with an OD600nm of 0.2, IPTG was added when the OD600nm 
was about 0.5 to 1 and the cells were harvested (5 min at 6 000 rpm) when the OD600nm 
reached 2 to 3. Concerning C. glutamicum, the culture in 50 ml of LB medium was started at 
an OD600nm of 1 and IPTG added for an OD600nm of 2 to 3.The cells were harvested (5 min at 6 
000 rpm) when the OD600nm reached 5 to 10. The pellets obtained after centrifugation were 
stored at -20°C. 
Pellets corresponding to 25 ml of culture were washed with 15 ml 0.9 % NaCl (10 min at 
6 000 rpm and 4°C). The pellets were resuspended in 0.5 ml of 100mM HEPES pH 7,2, 1mM 
dithiothreitol (DTT) before 4 min or 10 min of sonication for E. coli or C. glutamicum 
respectively (20 % of the cycle; intensity 2; Branson Sonifier W-250, Branson Sonic Power 
Company, Danbury, USA). After centrifugation (30 min at 13 000 rpm and 4°C), the 
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2) Protein concentration determination 
 
The determination of the protein concentration was carried out photometrically using the 
biuret method (Gornall et al., 1949) or the method of Bensadoun and Weinstein (Bensadoun 
and Weinstein, 1976). Beef serum albumin was used as standard. 
 
3) Assay for Methylmalonyl-CoA Mutase Activity 
 
The enzyme assay was performed with the crude extracts, at 37°C in the presence of the 
cofactor, coenzyme B12 and with methylmalonyl-CoA as substrate. The reaction was carried 
out at 37°C in a total volume of 1 ml and the mixture contained: 50 mM HEPES pH 7.2, 30 
µM adenosylcobalamin, 1 mM DTT, 5 to 200 µl of the crude extract, and 0.2 mM 
methylmalonyl-CoA. All the reagents were mixed together on ice and the reaction was started 
by the addition of methylmalonyl-CoA. At different time points, 150 µl of the reaction 
mixture were removed and added to 50 µl of 10 % trichloroacetic acid. After centrifugation 
(15 min at 13 000 rpm and 4°C), the supernatant was placed in a HPLC vial for immediate 
HPLC analysis with the method “Laure_9” (see details under paragraph VI High Pressure 
Liquid Chromatography in this materials and methods section). 
 
4) Assay for Isobutyryl-CoA Mutase Activity 
 
The crude extract was prepared in the same way and the enzymatic assay performed under the 
same conditions as for MCM activity. However, butyryl-CoA was used as substrate and 
isobutyryl-CoA quantified as reaction product. Formation of isobutyryl-CoA was quantified 
via the method “Laure_9” on HPLC (see details under paragraph VI High Pressure Liquid 
Chromatography in this materials and methods section). 
 
5) Assay for 3-hydroxybutyryl-CoA disappearance 
 
The crude extract was prepared in the same way and the enzymatic assay performed under the 
same conditions as done for MCM activity. However, 3-hydroxybutyryl-CoA was used as 
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substrate. Disappearance of 3-hydroxybutyryl-CoA was followed by HPLC via the method 
“Laure_9” (see details under paragraph VI High Pressure Liquid Chromatography in this 
materials and methods section). 
 
6) Assay for Carboxylase Activity 
 
The strains were cultivated in CG XII with 4% glucose, 2% acetate or 1% propionate. Cells 
were harvested (6000rpm, 10min, 4°C) in exponential phase and the pellets were stored at -
20°C. On the day of the enzyme assay, the pellets corresponding to 50ml culture were washed 
with 30ml cold NaCl 0.9% (10 min at 6 000 rpm and 4°C). The pellets resuspended in 0.5ml 
of 60mM Tris/HCl pH 7.2 were subsequently sonicated for 10 min and spun down for 30 min 
at 4°C and 13 000 rpm. Supernatants prepared from two pellets for glucose or acetate grown 
cells or from three pellets for propionate grown cells were pooled together, and then subjected 
to gelfiltration via a PD-10 column to yield 3.5 ml of crude extract. The protein concentration 
was determined via the Lowry-Folin method after precipitation. 
For carboxylase activity a discontinuous enzyme assay was used containing 50μl of 600 mM 
Tris/HCl pH 7.2, 50μl of 650 mM KHCO3 , 5μl of 100 mM ATP , 75μl of 10 mM MgCl2 , 
50μl of 20 mM substrate, filled up to 500μl with crude extract. The reaction mix was placed at 
30°C for 1 min and the reaction started by addition of substrate acetyl-CoA or propionyl-
CoA. After 1, 2 and 3 min incubation time 100 μl aliquots were removed and added to 10μl of 
30% perchloric acid (v/v) on ice (Gande et al., 2007). After centrifugation 5 min at 13 000 
rpm and 4°C the supernatant was neutralized with 12.5μl 1M Na2CO3 while maintained on 
ice. The tubes were stored on ice until quantification of the product malonyl-CoA, 
respectively methylmalonyl-CoA, formed via the method “SuccCoA1_Bott” on HPLC (see 
details under paragraph VI High Pressure Liquid Chromatography in this materials and 
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7) Visualization of proteins by gel electrophoresis 
 
a One dimensional gel electrophoresis 
 
Proteins were visualized by sodium dodecylsulphate polyacrylamide gel electrophoresis 
(SDS-PAGE) with the “ready to use” gels from the NuPAGE System (Invitrogen). Samples 
were mixed with NuPAGE LDS Sample Buffer and NuPAGE Reducing Agent, denatured 10 
min at 70°C, and applied onto the gels. Separation was effected on 10 % or 12 % Bis-Tris 
polyacrylamid containing gels in the following running buffer: 50 mM 3-
morpholinopropanesulfonic acid, 50 mM Tris, 3.5 mM SDS, 1 mM EDTA. Comparisons of 
the molecular weights were made against the prestained standard SeeBlue (14-200 kDa; 
Invitrogen). Staining of the gel was performed by addition of 100 ml of 1g/l Coomassie Blue 
G250, 40 % ethanol, 10% acetic acid, and heating 1 min in a microwave, followed by shaking 
15 min at room temperature. The gel was then washed with twice distilled water and 100 ml 
of the destaining solution consisting of 10 % ethanol, 7.5 % acetic acid, was added before 
heating for 1 min in a microwave and shaking at room temperature. 
 
b Two dimensional gel electrophoresis 
 
For the isoelectric focusing (IEF) of the first dimension 300 µg protein were precipitated 
over-night at -20°C with 9 V acetone. After centrifugation (10 min at 13 000 rpm and at room 
temperature), the pellets were resuspended in 350 µl from the solubilisation buffer (9 M urea, 
4 % (w/v) CHAPS, 1 % (w/v) DTT, 1 % (w/v) Pharmalyte “-10 NL) and strongly shaken for 
1 h at room temperature. The solution was transferred as an equal layer in a ceramic plate 
between the electrodes where the ready gel strip correctly chosen for the pH region to analyze 
(18 cm Immobiline Drystrip, pH 4-7; GE Healthcare, Münich) was placed with the gel side 
down. A layer of Immobiline DryStrip Cover Fluid (GE Healthcare, Münich) was applied on 
the whole. The IEF was carried out with the following parameters: 5 h 30 V, 5 h 60 V, 1 H 
200 V, 1 h 500 V, 1 h 2 000 V, gradient to 8 000 V in 3à min, 22.5 h 8 000 V up to 200 kVh. 
The strip was then equilibrated for the second dimension by shaking 20 min with 10 ml of 
equilibration buffer A (50mM Tris HCl, pH8,8, 6M Urea, 30% (v/v) Glycerol, 2% (w/v)SDS, 
185 mM DTT) and 100µl of the Bromophenol Blue solution (0,25% (w/v) and then with 10 
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ml of equilibration buffer B (50mM Tris HCl, pH8,8, 6M Urea, 30% (v/v) Glycerol, 2% 
(w/v)SDS, 216 mM Iodacetamide) and 100µl of the Bromophenol Blue solution (0,25% 
(w/v). After washing under water the strip was ready for the second dimension. The 
horizontal electrophoresis chamber (Multiphor II) was covered with Immobiline DryStrip 
Cover Fluid and thermostated at 15 °C. The ready gel (Excel XL SDS 12-14 %) was placed 
on the chamber according to the polarity. The anode and cathode buffer strips (Excel SDS 
Buffer Strips; GE Healthcare, Münich) and the equilibrated gel strip (gel side down) were 
placed on the chamber. The gel strip is at 2 mm under the cathode strip. 5 µl of the protein 
standard (precision Plus protein Standard, biorad, Mûnchen) was placed on a filter paper at 
the same height as the gel strip. The electrode holders were placed on the middle of the buffer 
strips. A first programme was started: 20mA per gel at 100 V for 45 min. Gel strips and filter 
paper were removed and the electrophoresis continued with 40 mA per gel at 800 V for 160 
min. 
At the end of the programme the proteins were coloured with colloidal coomassie blue G-250. 
The gel was first fixed 1 h in fixation solution (25%(w/v) Ammonium sulphate, 3% (v/v) 
phosphoric acid, 30 % (v/v) methanol). Subsequently 1.5 ml of 5% Coomassie blue G-250 
(w/v) was added for incubation over-night. Three washing steps for 20 min in twice distilled 





The proteins were identified by MALDI-TOF (Matrix-Assisted Laser Desorption/Ionisation-
time-of-flight) mass spectrometry (Schaffer et al., 2001). Bands were cut out carefully from 
the gels and washed twice with 350 µl (2D gels) or 750 µl (1D gels)  30 % (v/v) Acetonitrile 
in 0,1 M ammonium hydrogencarbonate, with slow shaking for 10 min at room temperature. 
Pieces of gel containing the proteins of interest were then dried for 20 min in a vacuum 
centrifuge before trypsin digestion. They were rehydrated with 1 µl (2D gels) or 2 µl (1D 
gels) of 3 mM Tris-HCl, pH 8,8 and trypsin (10 ng/µl end concentration; Promega) for 30 min 
before addition of further 2 µl (2D gels) or 4 µl (1D gels) of 3 mM Tris-HCl, pH 8.8 without 
trypsin and incubation overnight at room temperature. Elution from the gels took place after 
incubation of the overnight samples with 6 µl (2D gels) or 9 µl (1D gels) water for 15 min. 
Proteins were then precipitated with 5 µl (2D gels) or 7,5 µl (1D gels) of 30 % (v/v) 
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acetonitrile with 0,1 % (v/v) trifluoroacetic acid (TFA) for 10 min. Probes were then analyzed 
directly or stored at – 20°C. Aliquots (0.5 µl) of these solutions were mixed together with 0.5 
µl of a matrix solution ( 20 mg α-cyano-4-hydroxy-cinnamic acid in 1 ml 50 % (v/v) 
acetronile and 0.25 % (v/v) TFA and placed on a plate for analysis. External calibration was 
made with the Sequazyme Peptide Mass Standard Kit (Applied Bioscience, Darmstadt). 
Analysis was performed with the PerSeptive Biosystems Voyager-DE STR mass spectrometer 
(PerSeptive Biosystems, Langen). Identification of the peptides obtained was carried out via 
comparison with a database containing the theoretical sizes of the corynebacterial peptides. 
 
VI) High Pressure Liquid Chromatography (HPLC) 
 
HPLC analysis was performed on an HPLC system of the HP1100 series (Agilent, 
Waldbronn) and the results analyzed with the HP-Chem-Station Software. All quantifications 
were based on standards running together with the samples in the same sequence. 
 
1) Coenzyme A derivates analysis via HPLC 
 
The column used for CoA derivate analysis was a combination of reversed phase precolumn 
and column (precolumn: 40 x 4 mm, LiChrospher 100RP18EC-5µm; column: 125 x 4 mm, 
LiChrospher 100RP18EC-5µm; CS-Chromatographie Service GmbH, Langerwehe). 
In the method “Laure_9”, the buffers were (A) 50 mM NaH2PO4 pH 5.0 and (B) acetonitrile. 
The elution was as following: 2 %(B) at 0.3 ml/min during 17 min; 1 min at 0.8 ml/min to 
reach 17 %(B), 4 min at 0.8 ml/min to reach 2 % (B). CoA derivates were detected at 254 nm. 
In the method “SuccCoA1_Bott” the buffers were (A) 100 mM NaH2PO4 75 mM Na-acetate 
pH 4.6 and (B) 40 % buffer (A) 60 % methanol. The elution was with a constant flow rate of 
1 ml/min: starting with 0 % (B), 10 % (B) after 9 min and then 18 min to reach 30 % (B), 3 
min to reach 100 % (B) and 1 min to 0 % (B). CoA derivates were detected at 264 nm 
 
 
 54 Materials and Methods 
2) Organic Acids analysis via HPLC 
 
The column used for organic acids analysis was the same column as for CoA derivate analysis 
(LiChrospher, CS-Chromatographie Service GmbH, see previous paragraph). The organic 
acids were eluted with 5 mM H2SO4 at a constant flow rate of 1 ml/min and detection was 
performed at 250 nm. 
 
VII) Ion Chromatography 
 
Ion chromatography for 3-Hydroxyisobutyrate analysis was performed at the Evonik 
company in Marl, on a Dionex system IC2000 using the IonPac AS15 column (Dionex). The 
eluent was generated with a KOH cartridge (RFIC EluGen II Cartridge, Dionex) and 
Millipore water at the flow rate of 0.38 ml / min during 10 min. The standard 3-
hydroxyisobutyrate was provided from an internal source in Evonik. 
 
VIII) Gas Chromatography 
 
Quantification of propionate was carried out on a Varian gas chromatograph with a Zebron 
ZB-WAXplus column (phase polyethylene glycol, dimensions: 30 meters x 0.25 mm x 0.25 
μm, Phenomenex) with a flame ionization detector and helium as carrier gas. Acetate was 
used as an internal standard. The compounds were detected using the following temperature 
programme: 6 min at 70°C, 25 °C.min−1 and 10.4 min at 160°C. 
 
IX) Intracellular méthylmalonate détection 
 
This method has been used in engineered Pseudomonas putida strains, by a group in 
Saarbrücken (Pharmazeutische Biotechnologie Universität des Saarlandes) (Gross et al., 
2006). They tested some of our samples for the presence of methylmalonate. The samples 
consisted of lyophilized cells corresponding to an optical density of 10 in the culture in order 
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to reach a minimal dry weight of 200 mg. Several flasks were pooled together when the cell 
density was not sufficient in a single culture. Each measure was performed at least twice. 
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Figure C-1: Architecture of MCM encoding genes chosen for the study. (a) the sbm gene 
encoding a MCM α sub-unit and the argK gene encoding a MeaB homologue in Escherichia 
coli; (b) the NCgl1471 and NCgl1472 genes of Corynebacterium glutamicum, putatively 
encoding the α and the β sub-units of a MCM, with the gene NCgl1470 homologue of MeaB; 
(c) the gene Reut_A0253 in Ralstonia eutropha and (d) the gene SRU_1689 in Salinibacter 
ruber encoding larger proteins possessing the MCM domains. Colors represent regions with 
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C RESULTS AND DISCUSSION 
 
I) Selection of various Methylmalonyl-CoA Mutases 
 
1) Construction of over expressing strains 
 
The motivation of the study was to characterize the methylmalonyl-CoA mutase (MCM) of C. 
glutamicum with the idea to use it in a new pathway to be established. We additionally wanted 
to use MCMs originating from other organisms including genes characterized in E. coli. 
Furthermore, we chose to study two genes annotated as encoding proteins possessing MCM 
domains with different architectures than the MCMs characterized so far. These are the single 
genes ReutA_0253 and Sru_1689 in R. eutropha and S. ruber repectively. For E. coli and C. 
glutamicum, the homologue MeaB was included: this particular domain is already a 
constituent of the large peptides of the selected R. eutropha and S. ruber genes. 
 
a Methylmalonyl-CoA mutase from Escherichia coli 
 
A MCM is encoded in the genome of E. coli by the gene sbm (sbm is an acronym for sleeping 
beauty mutase as this gene was thought to encode a protein catalyzing the MCM reaction but 
was at first not characterized as having this activity). It was later demonstrated that the 
purified Sbm protein produced in E. coli possesses MCM activity in vitro (Haller et al., 2000). 
In E. coli a functional MCM is consequently encoded by a single gene producing a 
homodimeric mutase. The subunit harbours a B12-binding domain (cd02071, NCBI) in its 
polypeptide designated as α-peptide (cd03679, NCBI) which has 59 % identity with the 
structurally characterized larger α subunit of the P. shermanii MCM (Roy and Leadlay, 1992). 
The adjacent argK gene is included here. This is not necessary for the MCM activity of the 
over-expressed enzyme (Haller et al., 2000), but has 51 % identity with the MeaB protein of 
Methylobacterium extorquens, now demonstrated to have an auxiliary function for MCM 
activity as help for coenzyme binding and protection against inactivation of the mutase 
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(Korotkova and Lidstrom, 2004; Padovani and Banerjee, 2006). The two genes sbm and argK 
are overlapping by 4 base pairs (figure C-1). 
The two genes were amplified from the genome of E. coli MG1655 as one single fragment 
and cloned in pEKEx2 as a shuttle vector enabling their expression in both E. coli and C. 
glutamicum under the control of the tac promoter inducible with IPTG, to give the plasmid 
pEKEx2MCM_coli. 
 
b Methylmalonyl-CoA mutase from Corynebacterium glutamicum 
 
The MCM activity has not yet been studied in C. glutamicum or one of the related 
Corynebacterineae. According to the genome sequence two adjacent genes are annotated as 
MCM: NCgl1471 and NCgl1472. The hypothetical products encoded by these genes possess 
characteristic domains for MCM protein. The putative protein encoded by NCgl1471 harbours 
a B12-binding domain within an α-like domain and has an expected molecular weight of 
80.172 kDa. The second gene present in C. glutamicum, NCgl1472, encodes a putative protein 
of a molecular size of about 65.999 kDa presenting a domain called N-terminal MCM domain 
(cd03677, NCBI). The product of NCgl1471 and NCgl1472 share 68 % and 30 % identity 
with the large α sub-unit and the small β sub-unit of the P. shermanii MCM, respectively. 
Based on this information the C. glutamicum MCM constitutes a heterodimeric MCM as is 
the case for P. shermanii (Francalanci et al., 1986). However, we have to take into account 
that next to theses two genes, the gene NCgl1470, overlapping with NCgl1471 by 5 base 
pairs, is located, and exhibits similarities with the MeaB sub-unit already introduced above 
(figure C-1). The product of NCgl1470 is also annotated to possess an ArgK-like domain 
(cd03114, NCBI). 
The three genes were amplified as one fragment from the genome of C. glutamicum 
ATCC13032 and cloned into the shuttle vector pEKEx2 enabling their expression in E. coli 
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c Methylmalonyl-CoA mutase from Ralstonia eutropha 
 
R. eutropha is a gram-negative bacterium naturally producing polyhydroxybutyrate (PHB) 
(Madison and Huisman, 1999). In this organism, the MCM is not involved in the pathway for 
PHB formation. However there is one large gene of 3281 bp annotated as a MCM in R. 
eutropha JMP134, Reut_A0253, whose gene product of 120.69 kDa attracted our interest 
(figure C-1). The polypeptide possesses the fused domains corresponding to the B12-binding 
domain (cd02071, NCBI) of the α sub-unit, the ArgK-like domain (cd03114, NCBI) 
corresponding to the MeaB sub-unit of Methylobacterium extorquens and the MCM domain 
(methylmalonyl-CoA mutase_1 domain, cd03678). This kind of MCM is probably not 
widespread and furthermore a mutase of such a structure has not yet been characterized in 
detail. However it has been shown that cell extracts of a mutant of Burkholderia fungorum 
deleted for the large mcmC gene bearing similarity to Reut_A0253 looses the capacity to form 
succinyl-CoA from methylmalonyl-CoA (Korotkova and Lidstrom, 2004). 
C. glutamicum and R. eutropha are taxonomically distant, their codon usages present 
variations for some amino acids and their GC contents differ (table C-1). In order to prevent 
expression problems due to too divergent codon usage, it was decided to adapt the sequence 
of the gene Reut_A0253 to that of C. glutamicum enabling its expression in C. glutamicum 
and E. coli. The gene has been synthesized accordingly by Gene Art (Regensburg, Germany). 
The gene was received in a pGA4 vector and cloned into pEKEx2 under the control of an 
IPTG inducible promoter, to result in the plasmid pEKEx2MCM_RE. 
 
d Methylmalonyl-CoA mutase from Salinibacter ruber 
 
Salinibacter ruber DSM13855 is a halophilic bacterium that possesses in its genome a large 
gene encoding a protein with MCM domains similar to that of R. eutropha, The 3.308 kpb 
long gene Sru_1689 has a similar arrangement of the B12-binding domain, the MCM domain 
and the MeaB domain.  
Sru_1689 was included in this study as another exemple of a large single gene potentially 
encoding a MCM. Interestingly a search in the genome of S. ruber DSM13855 revealed that, 
in addition to Sru_1689, a set of genes is present that could encode a heterodimeric MCM 
together with a MeaB-like protein. These latter three adjacent genes are Sru_1791, Sru_1792 
and Sru_1793. 
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As the codon usages and the GC contents of S. ruber and C. glutamicum are different (table 
III-1), the gene Sru_1689 was synthesized by Gene Art (Regensburg, Germany) (see 
alignements in annexes) and then cloned into the shuttle vector pEKEx2 enabling its 
expression in either E. coli or C. glutamicum to give the vector pEKEx2MCM_SR. 
 
Table C-1: Comparison of the codon usage of Corynebacterium 
glutamicum ATCC13032 (GC-content: 54.7 %), Ralstonia eutropha 
JMP134 (GC-content: 65.09 %) and Salinibacter ruber DSM 13855 (GC-
content: 66.9 %), (information obtained at http://www.kazusa.or.jp/codon/) 
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2) Construction of a MCM deletion mutant in Corynebacterium glutamicum, Δ1859-57 
 
Together for characterization of the mutase via enzyme activity measurments and for further 
phenotype analysis, a mutant of C. glutamicum was constructed deleted for the three genes 
NCgl1470, NCgl1471 and NCgl1472. The deletion was performed via allelic exchange of the 
wild type genomic DNA region against a deleted version. The DNA fragment corresponding 
to the deleted region was created from the genomic DNA after two successive PCR 
amplifications, and was cloned in a non replicative vector in C. glutamicum, pK19mobsacB 
(Schafer et al., 1994b) to give the plasmid pK19mobsacBD1859-57. After transformation of 
C. glutamicum, an integration was selected on kanamycin-containing media. The second 
recombination event leading to the excision of the vector was selected by using the sucrose 
resistant phenotype of the clones having lost the vector. Kanamycin-sensitive and sucrose-
resistant clones were subsequently screened by PCR amplification for the organization of the 
mutase locus. The deletion removed the three genes but was designed so as to leave in the 
genome the expression of a sequence of 60 bp between the start codon of the first gene and 
the stop codon of the third gene to ensure undisturbed expression of the entire genomic 
region. The detailed process for the construction of a deletion mutant in C. glutamicum, as 
well as the oligonucleotides used as primers, is given in the materials and methods section. 
The mutant deleted of the three genes NCgl1470, NCgl1471 and NCgl1472 in C. glutamicum 
was named Δ1859-57. 
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II) Methylmalonyl-CoA Mutase activity in vitro 
 
1) Overview on the existing enzyme assays for methylmalonyl-CoA mutase activity 
 
A number of enzyme assays for MCM activity has been described in the literature. The large 
majority of them have been used to determine the activity of purified proteins as MCMs have 
mostly been studied as recombinant proteins produced by E. coli. The enzyme assays vary in 
the method used to analyze the substrate disappearance or the product formation: radiolabel-
based assay, photometric-based assay, and HPLC-based assay. 
The substrate in the first assay mentioned is methylmalonyl-CoA labeled with 14C and the 
formation of succinyl-CoA is determined (Cannata et al., 1965). In the photometric assay, the 
reaction catalyzed by the mutase is coupled with three further reactions catalyzed by 
methylmalonyl-CoA epimerase, transcarboxylase and malate dehydrogenase which have to be 
added as purified enzymes (figure C-2). In the assay, the (R)-methylmalonyl-CoA produced 
by the mutase from succinyl-CoA is isomerized to its (S)-form by the epimerase. The 
transcarboxylase transfers the carboxyl group from methylmalonyl-CoA to the pyruvate 
added in the mixture to produce propionyl-CoA and oxaloacetate that can be reduced by the 
malate dehydrogenase. This latter reaction, forming malate, uses NADH whose disappearance 
is followed photometrically at 340 nm (McKie et al., 1990; Zagalak and Retey, 1974). The 
disadvantage of this enzyme assay is that one must have at one’s disposal the enzymes 
catalyzing the coupled reactions. The last kind of enzyme assay is based on the analysis of 
product formation by HPLC. Methylmalonyl-CoA is usually used as substrate and succinyl-














Figure C-2: Photometric assay for methylmalonyl-CoA mutase activity. 
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2) Enzyme assay for methylmalonyl-CoA mutase activity 
 
In this work the MCM activity of the strains constructed was determined via an HPLC-based 
enzyme assay. 
The different strains to be assayed were cultivated on complex medium, and expression of the 
genes of interest was induced by the addition of IPTG. The extracts were prepared from cells 
harvested in the exponential phase. The pellets were washed and resuspended in DTT 
containing buffer before sonification. The supernatant obtained after centrifugation was the 
extract used in the enzyme assay. Usually different amounts of extracts were tested to ensure 
the proportionality with the activity. When methylmalonyl-CoA was used as substrate, the 
succinyl-CoA was completed after three minutes. In the reverse reaction, no activity was 
obtained, which is due to the sensitivity of the assay and the equilibrium of the reaction which 
is far in the direction of succinyl-CoA. 
The cell extracts were tested with methylmalonyl-CoA as substrate in the presence of 
adenosylcobalamin, and the reaction mixture was analyzed for succinyl-CoA formation over 
three minutes at 37 °C at pH 7.2. The appropriate controls without coenzyme or substrate 
were performed and verified the specificity of the observed reaction. 
 
a Methylmalonyl-CoA mutase activity in Escherichia coli strains 
 
First the MCM activity in extracts of the E. coli strains constructed was quantified. The results 
showing the specific MCM activity calculated for the first minute of the assays with these 
extracts are given in the table C-2. No formation of succinyl-CoA could be detected with the 
control strain, E. coli pEKEx2, carrying the empty vector. This result can be correlated to the 
fact that in E. coli no methylmalonyl-CoA is detected (Dayem et al., 2002). This is probably 
due to strong regulation of gene expression, basal expression not being sufficient to lead to 
MCM activity detectable in the cell extracts. When the genes are over-expressed, in the strain 
E. coli pEKEx2MCM_coli, the specific mutase activity reached 0.59 µmol of succinyl-CoA 
formed per min and mg protein in the extract. This confirms that the E. coli sbm gene encodes 
a functional MCM, and validates the established assay. 
The expression in E. coli of the C. glutamicum, R. eutropha and S. ruber genes did not result 
in any succinyl-CoA formation detectable in our HPLC analysis. The particularity of these 
genes is that their sequences are adapted to the codon usage of C. glutamicum. However 
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heterologous expression of C. glutamicum sequences in E. coli is a method generally used to 
produce proteins and test their activity (Eikmanns et al., 1991). The reason for the lack of 
MCM activity in the extracts expressing the chosen genes may also be that they are actually 
not encoding active MCMs. 
 
Table C-2: Specific methylmalonyl-CoA mutase activity measured in 
cell extracts  
Strain Specific Activity (µmol/min/mg) 
E. coli pEKEx2 0 
E. coli pEKEx2MCM_coli 0.59 ± 0.11 
E. coli pEKEx2MCM_Cgl 0 
E. coli pEKEx2MCM_RE 0 
E. coli pEKEx2MCM_SR 0 
 
b Methylmalonyl-CoA Mutase activity in Corynebacterium glutamicum strains 
 
The different plasmid constructs were introduced into C. glutamicum to yield recombinants 
containing pEKEx2MCM_Cgl, pEKEx2MCM_coli, pEKEx2MCM_RE, pEKEx2MCM_SR. 
The recombinants, as well as the wild type of C. glutamicum were then grown on CGIII and 
assayed for mutase activity as described. The data obtained are given in table C-3. 
 
Table C-3: Specific methylmalonyl-CoA mutase activity measured in 
cell extracts  
Strain Specific Activity (µmol/min/mg) 
C. glutamicum 0.19 ± 0.01 
C. glutamicum pEKEx2 0.09 ± 0.01 
C. glutamicum pEKEx2MCM_coli 0.79 
C. glutamicum pEKEx2MCM_Cgl 0.59 ± 0.03 
C. glutamicum Δ1859-57 0 
 
In contrast to E. coli, we observed that in C. glutamicum, already the wild type strain, and 
similarly the control strain harbouring the empty vector, possess MCM activity. Extracts of 
the C. glutamicum strain over-expressing the sbm/argK E. coli genes or the NCgl1470-71-72 
genes of C. glutamicum resulted in a specific MCM activity reaching an up to 4 fold of the 
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activity as observed in extracts of the wild type strain. The over-expression of the E. coli and 
C. glutamicum genes led to an activity as high as 0.79 µmol min-1 mg (protein)-1. 
When extracts of the C. glutamicum strain deleted for the three genes NCgl1470, NCgl1471, 
NCgl1472 were tested, no succinyl-CoA formation was observed, meaning that no MCM 
activity is present in this strain. Together with the results obtained with the deletion mutant 
and the over-expressing strain, it is therefore confirmed that the genomic region 
encompassing the genes NCgl1470, NCgl1471 and NCgl1472 does indeed encode a functional 
MCM in C. glutamicum. 
Moreover, in an attempt to verify that the mutase was over-expressed in C. glutamicum 
pEKEx2MCM_Cgl the proteins present in the cytosol of the strain were analyzed by two 
dimensional gel combined with a MALDI-TOF analysis of selected protein spots. In parallel, 
a gel of the wild type of C. glutamicum was run. Comparison of both gels did not result in 
prominent spots specific to C. glutamicum pEKEx2MCM_Cgl, which is to put in correlation 
with the rather low values of the specific mutase activities obtained even in this latter strain. 
Therefore the same analysis was performed with the over-expressing strain and the deletion 
mutant Δ1859-57. Together with the information on the isoelectric point of the proteins and 
their molecular mass, candidate spots were located for the over-expressing strain. This 
resulted in the identification of the proteins encoded by the genes NCgl1471 and NCgl1472, 
corresponding to the α and β sub-units of the MCM. The protein corresponding to the MeaB 
sub-unit, encoded by the gene NCgl1470, could not be identified, which might indicate that 
this specific protein is synthesized in lower amounts than for the major sub-units of the 
mutase. 
 
Concerning the R. eutropha and S. ruber genes selected as encoding potential mutases, the 
induction of their expression in C. glutamicum did not lead to any succinyl-CoA formation. 
The proteins could not be detected in extracts of the corresponding strains, they are either not 
produced or not functional MCMs. Further investigation about the function of the proteins 
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3) Isobutyryl-CoA mutase activity with the Ralstonia eutropha and Salinibacter ruber 
genes 
 
Since we were unable to detect any MCM activity with the Ralstonia and the Salinibacter 
enzymes in either E. coli or C. glutamicum, the possibility that they encode another mutase 
activity was examined. 
 
A related mutase is the isobutyryl-CoA mutase (ICM), which catalyses the 
adenosylcobalamin-dependent isomerization of n-butyryl-CoA to isobutyryl-CoA, substrates 






























Figure C-3: Adenosylcobalamin-dependent reactions catalyzed by the 
Methylmalonyl-CoA mutase, theIsobutyryl-CoA mutase and the mutase from 
Aquincola tertiaricarbonis (after (Birch et al., 1993). 
 
 
ICM is present in Streptomyces cinnamonensis which has in addition also a MCM. In this 
organism, ICM is characterized and has similar α / β peptides as the MCM (Birch et al., 1993; 
Zerbe-Burkhardt et al., 1998). We therefore performed sequence comparisons (Clustlaw and 
Blast, table C-4) between the different subunits of ICM and MCM from S. cinnamonensis, the 
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characterized MCM from E. coli, and the polypeptides of S. ruber and R. eutropha 
(respectively Sru_1689 and ReutA0253). 
  
Table C-4: Protein sequence comparisons using the programms Blast and Clustlaw between 
the different subunits of the Streptomyces cinnamonensis isobutyryl-CoA mutase or 
methylmalonyl-CoA mutase and the characterized, or probable methylmalonyl-CoA mutases. 
(characterized: Sbm from E. coli, probable: SRU_1689 from Salinibacter ruber, ReutA0253 
from Ralstonia eutropha). 
 
Protein S. cinnamonensis      IcmA        IcmB      MutA     MutB 

























































































The characterized MCM subunit of E. coli (Sbm=α) has high identities to the large MCM 
subunit of S. cinnamonensis. It shows still significant but lower identities to the ICM subunits. 
The two large unknown polypeptides of R. eutropha and S. ruber exhibit high identities to the 
ICM subunits. This is an indication that the unidentified polypeptide may well encode ICM 
instead of MCM activity. 
Based on this information, ICM activity was assayed in the recombinant E. coli strains over-
expressing the two large genes of R. eutropha or S. ruber, E. coli pEKEx2MCM_RE and E. 
coli pEKEx2MCM_SR as well as in their control strain E. coli pEKEx2. Preparation of the 
extracts and the assays ware similar to those used for MCM activity. The enzymatic assay was 
performed under the same conditions as used for MCM activity. However, butyryl-CoA was 
used as substrate instead of methylmalonyl-CoA since the equilibrium of the reaction for S. 
cinnamonensis ICM is in the direction of isobutyryl-CoA formation (Ratnatilleke et al., 
1999). Its formation was analysed via HPLC. 
In the strain used as a control, carrying the empty vector, no ICM activity was detected. In the 
strain over expressing the R. eutropha gene, isobutyryl-CoA is immediately formed, with a 
specific activity of 0.015 (µmol min-1 mg (protein)-1). Therefore the product of the ReutA0253 
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gene from R. eutropha is an ICM. With extracts of the strain over expressing the S. ruber 
gene, no isobutyryl-CoA formation is detected. The product of this gene, is therefore most 
likely neither a MCM nor a ICM. Since the sequence analysis shows however similarities 
with coenzyme B12-dependant mutases and also the particular domains are found, it is 
suggested that the S. ruber SRU_1689 gene encodes a coenzyme B12 mutase whose substrate 
has not yet been identified. 
 
4) Other adenosylcobalamin-dependent activity 
 
Recently, another cobalamin-dependent mutase having similarities with ICM has been 
discovered to be involved in the degradation of a tert-butyl ether compounds. This enzyme is 
supposed to convert 2-hydroxyisobutyryl-CoA into 3-hydroxybutyryl-CoA in the recently 
discovered microorganism Aquincola tertiaricarbonis ( figure C-2) (Rohwerder et al., 2006). 
In the wider context of the project for biopolymer production, an alternative compound that 
could be utilized for synthesis is 2-hydroxyisobutyrate. The idea would then be to engineer a 
microorganism producing naturally 3-hydroxybutyrate into a 2-hydroxyisobutyrate producer 
using such an activity as present in A. tertiaricarbonis. We received the plasmid harbouring 
the mutase of A. tertiaricarbonis from the company Evonik, cloned in the E. coli expression 
vector pET101/DTOPO::icmAB(Aq) as a fusion product of the two genes. Alignments of the 
large protein Reut_A0253 with the two proteins IcmA and IcmB from A. tertiaricarbonis 
showed respectively 35 % and 32 % identity. Based on the hypothesis that the R. eutropha 
enzyme Reut_A0253 might also catalyse this reaction we assayed the E. coli strain expressing 
the Reut_A0253 for this activity too. 
The enzyme assay was basically the same as for the MCM and ICM. The reaction tested was 
the reverse reaction because 2-hydroxyisobutyryl-CoA was not available commercially. 
Initially, attempts were made to assay for 2-hydroxyisobutyryl-CoA formation by GC-MS but 
this proved to be impossible due to analytical problems. Instead, analysis was based on the 
disappearance of the substrate 3-hydroxybutyryl-CoA as detected by HPLC. With extracts of 
the strain expressing the R. eutropha gene, E. coli pEKEx2MCM_RE, the values obtained for 
specific disappearance of 3-hydroxybutyryl-CoA were below 0.015 µmol min-1 mg (protein)-1 
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Table C-5: Specific activity calculated for the reaction leading to the 
disappearance of 3-hydroxybutyryl-CoA in crude extracts obtained from the 
strains E. coli pEKEx2 and E. coli pEKEx2MCM_RE. 
 
Strain Adenosylcobalamin30 µM 
Specific Activity 
(µmol/min/mg) 
E. coli pEKEx2 + 0.015 
E. coli pEKEx2MCM_RE + 0.015 
- 0.019 
 
There was no difference in the specific activity calculated for the E. coli strain carrying the 
empty vector and the over-expressing strain suggesting that this activity is a naturally 
occurring artefact in the assay system in E. coli having no relation to the specific R. eutropha 
gene. Moreover, the specific activity calculated for the experiment with the over-expressing 
strain in absence of the cofactor adenosylcobalamin was even higher than for assays 
containing this cofactor. From these data, it must be concluded that the disappearance of 3-
hydroxybutyryl-CoA is not due to an activity of the R. eutropha Reut_A0253 enzyme. 
Concerning the A. tertiaricarbonis enzyme, expressed in the strain BL21 of E. coli, under all 
the conditions tested (+/- IPTG, +/- adenosylcobalamin), the disappearance of the substrate 
was similar and correlated to the equimolar appearance of coenzyme A. This means that in the 
crude extract, non-specific degradation of the 3-hydroxybutyryl-CoA occurs. The extract of E. 
coli pET101/DTOPO::icmAB(Aq) was also tested for ICM activity with the previously 
described enzyme assay using butyryl-CoA as substrate, but no isobutyryl-CoA formation 
was detected. The lack of 3-hydroxybutyryl-CoA isomerisation activity of the ICM from A. 
tertiaricarbonis can have several reasons. First the topology of the genes encoding the ICM 
we tested is different to that of the two genes topology found in the wild type situation. 
Secondly; the enzyme was described to produce 3-hydroxybutyryl-CoA from 2-
hydroxyisobutyryl-CoA and this was done in extracts of the original strain. Here the enzyme 
activity have been tested in the reverse direction and in a heterologous organism where it is 
may be not correctly folded or post-translationally modified, even if no such modifications 
were described so far for this enzyme or for MCM and ICM. Conditions for assay of this 
enzyme are here not optimal, and probably need to be improved in order to lead to detection 
of activity which may be extremely low in the reverse direction. 
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III) Methylmalonyl-CoA Mutase activity in vivo in Corynebacterium 
glutamicum 
 
In the frame of the MCM study in C. glutamicum, the phenotype given by the deletion or the 
over-expression of the genes encoding the mutase was analyzed. To this purpose, we studied 
the growth of the C. glutamicum strains having altered expression of MCM genes in different 
media and upon addition of the cofactor of the enzyme, adenosylcobalamin. We also studied 
the differences observed in methylmalonate content of the cells and the extracellular 
accumulation of succinate. 
 
1) Search for a function of the methylmalonyl-CoA mutase during growth with glucose 
 























Figure C-4: Growth of the Corynebacterium glutamicum strains wild type and 
the mutant deleted for the methylmalonyl-CoA mutase encoding genes on 
minimal medium with 4 % glucose as carbon source. 
 
In the figure C-4 are depicted the growth profiles of the C. glutamicum wild type strain and 
the C. glutamicum MCM deletion mutant Δ1859-57. No effect of the deletion of the mutase 
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encoding genes on the growth of C. glutamicum on minimal medium containing glucose as 
carbon source was observed. Both strains showing an almost identical growth rate of 0.28 h-1. 
 
b Global expression analysis with glucose as carbon source 
 
Furthermore, a microarray analysis was performed to compare global expression differences 
between C. glutamicum wild type and the deletion mutant Δ1859-57. Cells were grown to the 
exponential phase on minimal medium containing 4 % glucose as the carbon source for cells 
harvested for RNA preparation. The RNA was transcribed into cDNA, labelled, and processed 
as described in the materials and methods section. Only rather subtle expression differences 
were seen. None of the genes with weak expression differences showed opposite ratios 
between the two spots present in the array for each gene, illustrating the consistency of the 
data. A few genes were observed to have their expression more than twice reduced in the 
deletion mutant. Most of them were iron dependant transporters or house keeping genes 
(chromatine partition protein encoding genes, helicases). A putative fatty-acid-CoA ligase 
transmembrane protein (NCgl0279) exhibited an expression ratio of 8.29 in the comparison 
wild type over deletion mutant. Concerning the genes over-expressed in the deletion mutant, 
none has the expression increased more than twice. The exception was an acetyl-CoA 
transferase (NCgl2632) showing a ratio of expression of 0.45 in the comparison of the 
expression in the wild type over the expression in the deletion mutant (Table C-6). From this 
analysis it was concluded that the deletion of the mutase and its potential intracellular effects 
in terms of alterations of metabolite concentrations has no global effect on the expression of 
other genes in C. glutamicum. 
 
In addition to this experimental analysis all chip experiments done in Jülich and stored in the 
Jülich Microarray Database were screened for significant expression changes of the three 
mutase genes. Of the list of such experiments obtained, representative data are summarized in 
table C-7. The three genes are repressed when the regulator sugR, regulating among others the 
expression of the specific glucose permease gene ptsG in C. glutamicum, which is over-
expressed compared to the control (Engels and Wendisch, 2007). However, the consensus 
binding sequence for SugR is not found in the vicinity of the MCM encoding genes, the 
repression might likely be due to a pleiotropic effect rather than a direct regulation (Engels et 
al., 2008). In the wild type strain, the MCM mRNA levels are increased about two fold when 
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pyruvate is present in the medium as carbon source as compared to lactate, and they are less 
expressed in a medium containing myoinositol as compared to glucose as carbon source. 
However when fructose is present in the medium, alone or in a mixture with glucose, the 
MCM mRNA levels are increased as compared to glucose alone. It is remarkable that the 
experiments resulting in differential expression of the mutase genes were designed to study a 
carbon source dependant regulation or the involvement of a respective regulator. Thus there is 
possibly a link between expression of the MCM genes and carbon source utilization and it is 
therefore worth assaying other carbon sources. 
 
Table C-6: Corynebacterium glutamicum genes showing a) the most decreased transcript 
levels in the Δ1859-57 strain compared to wild type b) the most increased transcript levels in 
the Δ1859-57 strain compared to wild type. Two values are available for each gene 
corresponding to the two spots on the chip. 
a    




NCgl0279 putative fatty acid CoA ligase transmembrane 
protein 
8.29 3.02 1.04 
341.88 2.80 0.97 
NCgl1099 predicted hydrolase or acyltransferase 
(alpha/beta hydrolase superfamily) 
2.31 3.07 1.20 
1.43 3.07 1.38 
NCgl1367 hypothetical protein  
cluster chromatin chromosome partition) 
2.02 3.29 1.29 
1.22 3.94 1.71 
NCgl2588 phenol 2-monooxygenase 1.92 4.71 1.54 
1.70 4.85 1.63 
NCgl0525 ferredoxin reductase 1.88 4.13 1.46 
1.60 3.91 1.49 
b    




NCgl0382 conserved secreted protein 
heme transport associated protein 
0.39 13.53 9.32 
0.55 14.95 10.49
NCgl2632 acetyl-CoA acetyltransferase 0.45 10.89 7.41 
0.55 9.57 8.02 
NCgl2841 hypothetical protein 
transglycosylase associated  protein 
0.50 4.00 3.20 
0.60 5.72 3.73 
NCgl2720 hypothetical protein 
Fic protein family 
0.51 8.81 4.85 
0.75 10.08 5.11 
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Table C-7: Alteration of the expression of the three Corynebacterium glutamicum genes 
NCgl1470, NCgl1471and NCgl1472 in experiments extracted from the Jülich Microarray 
Database. 
  Expression ratio for each gene  
experiment   NCgl1470 NCgl1471 NCgl1472 Nr of Exp. 
over-expression sugR / control 0.612 0.304±0.024 0.319±0.114 1 or 5 
lactate / pyruvate as carbon source 0.221±0.053 0.343±0.048 0.249±0.048 6 
glucose / fructose as carbon source 0.719±0.089 0.521±0.122 0.333±0.036 2 
glucose / glucose-fructose as carbon source 0.806 0.421±0.057 0.538±0.196 1 or 3 
myoinositol / glucose as carbon source 0.444 0.486 0.138 1 
    
 
2) Search for a function of the methylmalonyl-CoA mutase during growth with acetate 
and further substrates 
 
Consequences of the absence of the mutase were also studied with acetate as carbon source. 
The growth of the C. glutamicum wild type and deletion strains were compared during the 
cultivation on minimal medium with acetate as sole carbon source. The exponential growth 
rates were calculated as 0.29 h-1 and 0.27 h-1 for the wild type and the deletion strains 
respectively (figure C-5). Consequently, also on this substrate, no different phenotype is 





















Figure C-5: Growth of the Corynebacterium glutamicum strains wild type 
and the mutant deleted for the methylmalonyl-CoA mutase encoding genes on 
minimal medium with 2 % acetate as carbon source. 
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Growth of both the C. glutamicum wild type and the mutase deleted strain was also tested in 
an oxygen-depleted environment on solid minimal medium containing nitrate as final electron 
acceptor and various carbon sources: glucose, acetate, mixture of glucose and 
methylmalonate, pyruvate and lactate. When on the control plates placed in an aerobic 
environment, colonies appeared after three days, the growth was delayed in anaerobic 
conditions. No growth was observed on acetate. On glucose and mixture of glucose and 
methylmalonate, for the wild type and the deletion strain, colonies appeared after 21 to 23 
days incubation. During this incubation time, traces of growth were visible for the positive 
control with pyruvate or lactate. On these carbon sources, the deletion of the mutase thus does 
not represent an advantage or a disadvantage during anaerobic growth of C. glutamicum. 
 
3) Alterations of methylmalonyl-CoA mutase: effect of coenzyme B12 
 
a Growth on glucose and acetate in presence of adenosylcobalamin 
 
Coenzyme B12, the cofactor of the MCM, sees its de novo synthesis restricted solely to some 
bacteria and archea and the genus Corynebacterium is suggested to belong to the B12 
producing species (Martens et al., 2002). However the pathway database KEGG reveals that 
not all the many genes known to participate to the synthesis of the cofactor are present in C. 
glutamicum. Moreover, studies on methionine synthesis, gave an indication on coenzyme B12 
synthesis and availability in C. glutamicum (Ruckert et al., 2003). This organism possesses 
two methionine synthases catalyzing the methylation of L-homocysteine to L-methionine: the 
coenzyme B12-independent MetE and the coenzyme B12-dependent MetH. The methionine 
auxotrophy induced by the deletion of the gene encoding MetE is complemented by the 
addition of vitamin B12 in the medium. Therefore, during growth in laboratory conditions on 
minimal medium, as it is the case in the present work, coenzyme B12 is not produced in C. 
glutamicum. However as cofactor of the MCM, the availability of coenzyme B12 for the 
comparisons between the C. glutamicum wild type and deletion strain may lead to particular 
phenotypes. To ensure this availability, experiments were repeated where 0.1 mM 
adenosylcobalamin was included in the cultivation medium during growth on glucose or 
acetate (figure C-6). On either substrate, and for both the wild type and the deletion mutant, 
growth was not altered by the addition of adenosylcobalamin. The exponential growth rates 
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calculated for both strains for the cultivation in presence of coenzyme B12 were similar to 
those calculated without coenzyme B 12 present. It was 0.3 h-1 during growth on glucose and 
0.27 h-1 during growth on acetate. Thus, a high availability of the coenzyme has no effect on 
the growth of C. glutamicum on these two substrates. Moreover, on glucose with B12-
supplementation, the growth profile of the over-expressing strain was similar to that of the 
wild type (figure C-7). Thus, it is concluded that alterations of MCM expression in C. 
glutamicum has no effect on the growth of the strains on glucose or acetate, even in presence 














































Figure C-6: Growth of the Corynebacterium glutamicum strains wild type and 
methylmalonyl-CoA mutase deletion mutant on minimal medium with (a) 4 % glucose or (b) 




There is one remark to make concerning the concentration in adenosylcobalamin used here. 
We started to supplement the growth at the concentration of 1 mM, and decreased it to 0.1 
mM. The specific concentration used in the respective experiments is given in the legend to 
the tables and figures, respectively. The standard concentration used in further experiments 
was 0.1 mM. This is still rather high as compared to other studies where concentrations 
between 0.1 µM and 10 µM of cyanocobalamin were used and led to effects in bacteria 
(Gross et al., 2006; Rohwerder et al., 2006; Savvi et al., 2008). 
 
 





















Figure C-7: Growth of Corynebacterium glutamicum in dependence of methylmalonyl-
CoA mutase on minimal medium with 4 % glucose as carbon source with 0.1 mM 
adenosylcobalamin supplementation. C. glutamicum pEKEx2 and C. glutamicum Δ1859-
57 pEKEx2 are repectively the wild type and the mutase deleted strain carrying the empty 
vector, C. glutamicum pEKEx2MCM_Cgl is the strain over-expressing the mutase of C. 
glutamicum. 
 
b Effect of B12 supplementation on global expression analysis with glucose as 
carbon source 
 
This study was attempted in order to see whether specific genes could be detected related with 
adenosylcobalamin synthesis or transport. Since there was no conclusive expression alteration 
due to cofactor addition, the result of the global array analysis is not detailed here but given in 
tabular form in the annexes. 
 
4) Quantification of cellular methylmalonate 
 
In a different approach to study consequences of the alteration of mutase activity via deletion 
or over-expression of the genes, cellular methylmalonate was quantified. The analysis was 
established for engineered Pseudomonas putida strains for which it was not possible to 
quantify methylmalonyl-CoA by following acyl-CoA formation from the quantification of 
14C-labelled β-alanine, precursor of coenzyme A (Gross et al., 2006). Therefore, in the new 
method methylmalonate and methylmalonyl-CoA are converted into the dibutyl ester (diBE) 
of methylmalonic acid after extraction. This pool is then quantitatively analyzed by GC/MS 
based on an isotope dilution assay using methyl-d3-malonic acid as the reference standard. 
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Both isotopes give mass spectra that differ by one ion (m/z 101 for mmdiBE, m/z 104 for 
methyl-d3-malonic acid diBE). The quantification is based on the ratio of the areas of the two 
ions. It is possible to detect methylmalonate down to 1 nmol per sample. 
As we are directly interested in the (R)-methylmalonyl-CoA (substrate of the MCM), this is 
for us an indirect method because first it detects in the same sample the methylmalonyl-CoA 
as well as the methylmalonate contained in the bacteria and second it does not distinguish 
between the epimers of methylmalonyl-CoA from which methylmalonate is derived. 
The analysis was performed in Saarbrücken (Pharmazeutische Biotechnologie Universität des 
Saarlandes). The samples consisted of lyophilized cells corresponding to an optical density of 
10 in the culture in order to reach a dry weight of minimum 200 mg. Several flasks were 
pooled together when the cell density was not sufficient in a single culture. Each measurement 
was performed at least twice. 
 
a Methylmalonate in Escherichia coli 
 
With this method we analyzed the methylmalonate content of E. coli cells over-expressing the 
E. coli mutase together with the control strain harboring the empty vector grown in complex 
medium (LB). The observation was that regardless of the MCM activity present and the 
addition of adenosylcobalamin in the medium, the methylmalonate content in E. coli was 
below the limits of detection. It has been described that E. coli does not contain 
methylmalonyl-CoA (Dayem et al., 2002) and we saw in our enzyme assay that the genomic 
MCM present does not lead to activity in extracts, as opposed to the expression obtained with 
the cloned genes. Thus also in vivo, over-expression of the mutase genes does not affect the 
methylmalonate pool, what is in agreement with the reaction directed in favor of succinyl-
CoA formation for Sbm as it was suggested by the kinetic constants calculated with the 
purified enzyme (Haller et al., 2000).  
 
b Methylmalonate in Corynebacterium glutamicum  
 
In contrast to E. coli, methylmalonate was detected in C. glutamicum. Therefore the evolution 
of the methylmalonate content was followed during the cultivation of various strains of C. 
glutamicum under a variety of conditions. 
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When the analysis was carried out with the wild type strain of C. glutamicum grown on 
glucose, an increase of the methylmalonate content of the cells occurred during cultivation 
with a maximal amount accumulating in the stationary phase (figure C-8). The 
supplementation of the medium with adenosylcobalamin had no influence on the growth-
phase dependent accumulation of methylmalonate on glucose. The MCM deletion mutant, C. 
glutamicum Δ1859-57, also showed a similar increase of this pool during growth. Therefore 
the accumulation of methylmalonate seen in C. glutamicum cells grown on glucose is not 


































C. glutamicum wild type wild type Δ1859‐57 Δ1859‐57
wild type Δ1859‐57
pEKEx2MCM_Cgl pEKEx2MCM_Cgl
Carbon source Glucose Glucose Glucose Glucose* Glucose* Glucose*
AdoCbl ‐ 1 mM 1 mM ‐ 0.1 mM 0.1 mM
 
Figure C-8: Methylmalonate content in Corynebacterium glutamicum strains grown on 
minimal medium containing 4 % glucose as carbon source without or with 
adenosylcobalamin (AdoCbl). 
* in these cases the cultures were performed after two precultures. 
 
An insufficient washing of the cells could in principle enable the contamination by 
methylmalonate from the preculture that is afterwards incorporated and accumulated in 
bacteria during growth on minimal medium. In order to eliminate this possibility, the analysis 
was performed with the mutase deleted strain, which went through an additional preculture in 
minimal medium, before inoculation in the main culture. However, accumulation of 
methylmalonate still occurred under these conditions (figure C-8). Morover, in order to study 
whether methylmalonate could be used as carbon source or cometabolized, this compound 
was used alone or as a mixture with glucose for growth, in minimal medium, of the wild type 
strain and the mutase deleted strain of C. glutamicum. No growth was observed when 
methylmalonate was present at a concentration of 20 mM on minimal medium without an 
additional carbon source (data not shown). Also both strains show a similar behaviour when 
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they are grown on a mixture of 100 mM glucose and 10 mM or 20 mM methylmalonate 
(figure C-9 a). The initial methylmalonate concentration in the medium did not change for 
either of the strains, from the beginning of cultivation up to end of exponential phase (figure 
C-9 b). Methylmalonate can then neither be used for growth nor co-metabolized with glucose 
by C. glutamicum. Thus the evolution of the methylmalonate pool observed in C. glutamicum 




















































C. glutamicum wild type ∆1859-57 wild type ∆1859-57




Figure C-9: Assay for methylmalonate as a potential carbon source:  
(a) Growth of the Corynebacterium glutamicum strains wild type and 
mutant deleted for the methylmalonyl-CoA mutase encoding genes on 
minimal medium with 100 mM glucose (Glc) or 100 mM glucose together 
with 10 or 20 mM methylmalonate (MM); (b) Analysis for methylmalonate 
in culture supernatants. 
 
Although the deletion of the mutase had no effect, we assayed whether mutase activity alters 
the methylmalonate content. The analysis of the wild type and the deletion strain over-
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expressing the MCM genes (strains C. glutamicum pEKEx2MCM_cgl and C. glutamicum 
Δ1859-57 pEKEx2MCM_cgl) during growth on glucose and in the presence of 
adenosylcobalamin showed a similar methylmalonate accumulation as was seen with both the 
wild type and the deletion strain (figure C-8). Thus, the mutase activity encoded by 
NCgl1470, NCgl1471 and NCgl1472 has no effect on the methylmalonate content during 
growth on glucose. 
 
Independently from the MCM, we also studied the methylmalonate content of a strain 
assumed to be altered in the TCA cycle flux. The strain C. glutamicum ΔacnRΔsucCD is 
deleted for the two genes sucC and sucD encoding the succinyl-CoA synthetase catalyzing the 
formation of succinate and coenzyme A from succinyl-CoA, and acnR the repressor of the 
aconitase (Krug et al., 2005). Despite the lack of a distinct phenotype of the strain as regards 
growth and metabolites levels on glucose (previous studies, not shown), we analyzed its 
methylmalonate content without and with over-expression of the mutase genes, presuming 
that the combination of an interrupted TCA cycle and an increased activity of the MCM 
would lead to alteration of the intracellular concentration of this metabolite. However C. 
glutamicum strain ΔacnRΔsucCD showed a growth phase dependent accumulation similar to 
that observed already with the other strains on glucose and again the over-expression of the 




































Figure C-10: Methylmalonate content in the Corynebacterium glutamicum strains 
ΔacnRΔsucCD and ΔacnRΔsucCD over-expressing the mutase encoding genes grown on 
minimal medium containing 4 % glucose as carbon source with adenosylcobalamin (AdoCbl). 
* in these cases the cultures were performed after two precultures 
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The experiments done so far were performed under standard conditions using 120 rpm for 
flask shaking thereby providing sufficient aeration of the cultures. Under these conditions, it 
can be assumed that the flux from the carbon source, glucose, is via the TCA cycle in its 
oxidative direction (Wiegand and Remington, 1986). However, during growth under poor 
oxygen supply, the flux could be through the reductive cycle, in the reverse direction in the 
TCA cycle (Dominguez et al., 1993; Inui et al., 2004). When oxygen supply is limiting, 
succinate together with lactate and acetate accumulates in the cultivation medium. The 
accumulation of succinate is probably linked to a high accumulation of succinyl-CoA, and 
over-expression of the mutase might additionally change the intracellular methylmalonate 
pool. In light of this, the consequences of poor aeration were studied for selected strains 
during growth on glucose with decreased shaking (shaking speed reduced from 120 rpm to 60 
rpm and 30 rpm), in combination with a reduction of the ratio size of the flask/volume of 






















Figure C-11: Growth of the Corynebacterium glutamicum strains wild type and 
methylmalonyl-CoA mutase deletion mutant harbouring the empty vector pEKEx2, and wild 
type harboring the plasmid for over-expression of the mutase genes pEKEx2MCM_Cgl on 
minimal medium with 4 % glucose as carbon source with 0.1 mM adenosylcobalamin 
supplementation under decreased aeration conditions (30 rpm and 60 rpm). 
 
In these conditions, the cultures reached a lower cell density than under standard shaking and 
neither deletion of the mutase nor its over-expression had an effect on the growth of C. 
glutamicum (figure C-11). The methylmalonate content of the bacteria was analyzed in 
samples taken during cultivation. The first observation we could make is that the levels 
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reached in this experiment were all lower than the levels reached under standard aeration of 
the cultures (figure C-12). However at 30 rpm as well as at 60 rpm, the over-expressing strain 
showed slightly higher intracellular methylmalonate content as compared to the wild type and 
the deletion strains. In the same time measurements of medium samples for this cultures 
showed that succinate was excreted without any differences between the strains, to a greater 
extent for all strains at 30 rpm (more than 20 mM at 67 h of cultivation) than 60 rpm (12 mM 
at end of cultivation 72 h) (table C-8). It is noticeable that under standard aeration conditions, 
the succinate excretion is also comparable for all strains and reaches a maximum of 9 mM. 
Therefore in the conditions of decreased aeration applied here, apparently, succinate synthesis 
is not related to the presence of the MCM when the methylmalonate accumulation is 
increased upon over-expression of the enzyme. It might suggest a flux through the two 
branches of the TCA cycle occurring simultaneously leading to succinate from the reductive 
arm of the TCA cycle and methylmalonate through the oxidative TCA cycle and MCM 
activity. Nevertheless here is the first observation that MCM can be active in the direction of  


























































wild type Δ1859‐57 wild type
pEKEx2 pEKEx2 pEKEx2MCM_Cgl
Carbon source Glucose Glucose Glucose
Shaking 30 rpm 30 rpm 30 rpm
AdoCbl 0.1 mM 0.1 mM 0.1 mM
C. glutamicum
wild type Δ1859‐57 wild type
pEKEx2 pEKEx2 pEKEx2MCM_Cgl
Carbon source Glucose Glucose Glucose
Shaking 60 rpm 60 rpm 60 rpm
AdoCbl 0.1 mM 0.1 mM 0.1 mM
a b
 
Figure C-12: Methylmalonate content during growth under decreased aeration ((a) 30 rpm 
and (b) 60 rpm) conditions on minimal medium containing 4 % glucose as carbon source with 
0.1 mM adenosylcobalamin (AdoCbl) supplementation in the Corynebacterium glutamicum 
strains wild type and methylmalonyl-CoA mutase deletion mutant harbouring the empty 
vector pEKEx2, and wild type harboring the plasmid for over-expression of the mutase genes 
pEKEx2MCM_Cgl. 
 
 83 Results and Discussion 
Table C-8: Succinic acid concentration (mM) measured in the cultivation medium of 
Corynebacterium glutamicum strains grown on minimal medium with glucose as carbon 
source under decreased aeration conditions (30 rpm and 60 rpm) 
 
Succinic acid concentration (mM) in the medium 
 30 rpm  60 rpm 
Strain time h 41 67  20,5 25 72 
C. glutamicum pEKEx2 10,84 22,03  7,96 9,71 12,5_ 
C. glutamicum Δ1859-57  12,59 21,18  6,87 11,11 13,04 
C. glutamicum pEKEx2MCM_Cgl 10,54 21,54  7,37 8,67 11,48 
 
 
Under cultivation with acetate as carbon source in medium supplemented with 0.1 mM 
adenosylcobalamin, methylmalonate did not accumulate to the same extent as observed 
during growth on glucose (figure C-13). Furthermore it was independent of MCM activity, as 
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Figure C-13: Methylmalonate content in the Corynebacterium 
glutamicum strains wild type and methylmalonyl-CoA mutase 
deletion mutant grown on minimal medium containing 2 % acetate 
with 0.1 mM adenosylcobalamin (AdoCbl). 
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5) Conclusion 
 
C. glutamicum possesses an active MCM encoded by the genes NCgl1470, NCgl1471 and 
NCgl1472. However, modification of the level of gene expression does not give a phenotype 
during growth on glucose or acetate as carbon sources. The branched carbon compound 
methylmalonate is a metabolite not detected in E. coli but shown to be present in C. 
glutamicum so it can be assumed that methylmalonate plays a role in this organism. This 
could be linked to the incorporation of this compound in specific compounds such as methyl-
branched fatty acids for example (Daffé, 2005). In Mycobacterium tuberculosis, synthesis of 
such compounds involves a synthase similar to the fatty acid synthase I depending on 
methylmalonyl-CoA (Rainwater and Kolattukudy, 1985). Such a synthase is not present in C. 
glutamicum, however this organism does possess two fatty acid synthases I (Radmacher et al., 
2005). It has been shown that the vertebrate fatty acid synthase I can accept methylmalonyl-
CoA as substrate instead of malonyl-CoA (Scaife et al., 1978). It is therefore possible that 
branched lipids are synthesized from methylmalonyl-CoA in C. glutamicum. This idea is 
supported by the fact that the locus encoding the MCM is syntenic in the Corynebacterineae 
including the degenerated genome of Mycobacterium leprae. If methylmalonate is present for 
biosynthetic purposes, it appears nevertheless that its utilization is not the same throughout 
the culture and the diminished demand as growth slows down may lead to its accumulation. 
Another possibility would be an increase in the demand of methylmalonyl-CoA, having as 
consequence an increase of its availability in the cell, visualized as an accumulation in the 
analysis of the methylmalonate pool. In the standard conditions, on glucose, no phenotype is 
seen for the deletion or the over-expression of the mutase, the methylmalonate content 
increases similarly in a growth phase dependent manner. The mutase is thus unlikely involved 
in these conditions in the creation of the methylmalonate pool. However when the culture 
shaking speed is reduced creating a relative oxygen-deprived environment, the mutase seems 
to enable increase of the methylmalonate content. 
The turn-over of cellular compounds might lead to the production in trace amounts of 
precursors to methylmalonyl-CoA and methylmalonate which could participate to the 
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IV) Propionate metabolism in C. glutamicum 
 
A close precursor for methylmalonyl-CoA that could be issued from cellular catabolism could 
be propionyl-CoA. Its carboxylation would lead to methylmalonyl-CoA, and a candidate for 
this activity would be the acetyl-CoA carboxylase which has activity with propionyl-CoA as 
substrate (Gande et al., 2007). The different expression of the enzyme genes, higher on 
glucose than on acetate would agree with the amount of methylmalonate detected on these 
carbon sources.  
Studies on the relations between the metabolism of propionate, as precursor of propionyl-CoA 




Propionate can be found free in nature and is is issued from the degradation of odd chain fatty 
acids, cholesterol, or the branched chain amino acids valine, leucine and isoleucine. In C. 
glutamicum it is degraded by the 2-methylcitric acid cycle encoded by the genes prpD2B2C2, 


























Figure C-14: The methylcitrate cycle in Corynebacterium glutamicum: 2-methylcitrate 
synthase (1), 2-methylcitrate dehydratase (2), aconitase (3), 2-methylisocitrate lyase (4).  
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In vertebrates, MCM is involved in propionate catabolism by converting it into the useful 
metabolite succinyl-CoA entering the TCA cycle. This pathway involves the carboxylation of 
the intermediate propionyl-CoA in (S)-methylmalonyl-CoA which is converted into its epimer 
(R)-methylmalonyl-CoA, the latter being the substrate of the MCM (Dobson et al., 2006; 
Mazumder et al., 1963). Besides the carboxylation of propionyl-CoA, this pathway involves 
then an epimerase to reversibly convert the (R) and (S) epimeres of methylmalonyl-CoA. 
In bacteria, such a methylmalonyl-CoA epimerase has been described in P. shermanii 
(Leadlay, 1981) and in polyketide synthesis (Marsden et al., 1994) whereas it is not found in 
E. coli (Haller et al., 2000). In the genome sequence of C. glutamicum one single gene is 
annotated as encoding a methylmalonyl-CoA epimerase but has not been characterized 
(NCgl1170). 
The present study showed C. glutamicum encodes an active MCM. The phenotypes observed 
so far did not show any function of this enzyme on either glucose or acetate. Further 
investigations were performed in order to study MCM activity in relation with propionate 
metabolism in C. glutamicum. 
 
2) Search for a function of the methylmalonyl-CoA mutase during growth with 
propionate 
 
a Growth on propionate 
 
The growth of C. glutamicum on minimal medium with propionate as sole carbon source is 
delicate. As it was observed empirically, direct inoculation of a main propionate-containing 
culture from a complex medium preculture leads to delayed and poor growth (data not 
shown). This is probably due to the necessity of the induction of the propionate utilization 
genes, like the expression increase of the prp clusters during the growth on a mixture of 
acetate and propionate as compared to acetate suggests (Claes et al., 2002; Huser et al., 2003). 
For these reasons, in the present work, the first complex medium preculture was used to 
inoculate an additional minimal medium propionate–containing preculture in turn used to 
inoculate the main culture. This is necessary to obtain a growth that can be compared between 
experiments and strains. 
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The growth of the C. glutamicum wild type and deletions strains was analyzed on propionate 
(figure C-15). The cell densities reached on propionate were lower than those observed during 
the growth on glucose. Both strains showed the same behavior with similar exponential 
growth rates of 0.08 h-1. The deletion of the mutase does not however affect the growth of C. 
























Figure C-15: Growth of the Corynebacterium glutamicum strains wild 
type and the mutant deleted for the methylmalonyl-CoA mutase 
encoding genes on minimal medium with 1 % propionate as carbon 
source with or without supplementation of 0.1 mM adenosylcobalamin 
(AdoCbl). 
 
b Effect of adenosylcobalamin 
 
As was done for the analysis on glucose and acetate, the effect of adenosylcobalamin 
supplementation in the medium was analyzed during growth of C. glutamicum with 
propionate as sole carbon source. As can be seen in figure C-15, the growth of the mutase 
deletion mutant was not affected by the addition of adenosylcobalamin during cultivation 
(exponential growth rate 0.07 h-1). However, over-expression of the mutase during the growth 
on propionate with adenosylcobalamin led in every case to a growth stop which was not 
present in the absence of the cofactor (figure C-16). Surprisingly, the initial growth in 
presence of cofactor was slightly faster than the control (0.13 h-1 plus adenosylcobalamin 
versus 0.09 h-1 minus adenosylcobalamin). For the wild type strain containing single copies of 
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the mutase genes, surprising results were obtained. The growth inhibition due to 
adenosylcobalamin addition was observed occasionally. In figures C-15 and C-16 examples 
for these results are illustrated.5On figure C-13, the adenosylcobalamin supplementation led 
to an aborted growth at 10 h of cultivation after a fast start with an exponential growth rate of 
0.11 h-1. On the opposite, in figure C-16 the growth of the wild type strain carrying the empty 
vector pEKEx2 is depicted. In this case growth on propionate was not affected by 
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Figure C-16: Growth and concomitant propionate consumtion of the 
Corynebacterium glutamicum over-expressing the methylmalonyl-CoA mutase genes 
(pEKEx2MCM_Cgl) and its control strain (pEKEx2) on minimal medium with 1 % 
propionate as carbon source with or without supplementation of 0.1 mM 
adenosylcobalamin. 
 
Adenosylcobalamin supplementation of the propionate-containing cultures never led to 
modified growth of the deletion mutant strain but significantly influenced the growth pattern 
of the over-expressing strain: supplements led to a growth advantage in the early stage of the 
culture but provoked premature growth arrest. An intermediary effect was observed for the 
 
 89 Results and Discussion 
wild type situation (wild type and strain carrying the empty vector), leading either to a wild 
type growth or to a similar growth affect as also seen during mutase over-expression. 
Propionate consumption was measured during growth with and without cofactor for the over-
expressing strain and its control strain carrying empty vector (cofactor supplementation did 
not lead to a growth effect: see figure C-16). Propionate was consumed similarly in the 
control strain, with and without supplementation with adenosylcobalamin, and in the over-
expressing strain grown without adenosylcobalamin. Entrance into stationary phase was 
concomitant with completed consumption of propionate. When adenosylcobalamin was 
present in the cultivation medium of the over-expressing strain however, propionate was 
consumed faster in parallel to the faster growth observed. The culture entered the stationary 
phase although propionate was still present and being consumed. The pH was measured in the 
culture supernatants and was similar for all the strains (data not shown). Growth arrest cannot 
therefore be attributed to exhaustion of the carbon source. 
Addition of adenosylcobalamin seems the determinant factor for the phenotype obtained for 
the over-expressing strain during growth on propionate. The concentration of 0.1 mM used is 
rather high as already mentioned (see above). Therefore, lower concentrations were assayed 
for growth inhibition. Already supplementation with 1 μM adenosylcobalamin was sufficient 
to result in growth inhibition whereas 0.001 μM adenosylcobalamin was not, suggesting that 
this concentration is insufficient to sustain MCM activity. Although lower adenosylcobalamin 
concentrations cause the growth phenotype observed for the over-expressing strain on 
propionate, in these conditions the other phenotypes (cellular methylmalonate content and 
extracellular succinate accumulation) were not verified. Further experiments all used an 
adenosylcobalamin concentration of 0.1 mM. 
 
Three phenotypes are observed in the presence of adenosylcobalamin on propionate as carbon 
source: intermediary in the wild type strain, nothing in the deletion strain, growth arrest in 
every experiment for the over-expressing strain. The MCM activity has therefore to be high to 
lead to an effect visible on the growth. Concerning the occasional effect observed with the 
wild type strain, it could be due to differences in the physiological state of the inoculum 
although the protocols implemented for the inoculations and cultures were standardized for all 
the experiments. 
The MCM is active in vivo in C. glutamicum and it can be concluded that adenosylcobalamin 
is necessary for mutase activity under these conditions. Furthermore, it appears that the 
function of the mutase interferes with propionate metabolism. Propionate is consumed faster 
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when high mutase expression is induced giving the cells an initial growth advantage. The 
mutase activity at the beginning of growth results in increased biomass formation but later 
probably causes intermediates to increase to toxic levels inhibiting further growth and 
provoking an early entrance in stationary phase. Attempts were made in order to analyze 
global gene expression in the over-expression strain during its rapid early growth phase on 
propionate with adenosylcobalamin. The control samples were chosen from the strain 
harboring the empty vector either at the same time point but different optical density (about 5 
h cultivation, figure C-16) or at the same optical density but different time points (OD about 
2.5, figure C-16). However the results were not analyzable as they were reflecting the 
entrance of the over-expressing strain in its early stationary phase (data not shown). The gene 
expression in this strain seems to be already modified before the chosen sampling time-points. 
The signals leading to growth arrest occur very early in the culture, consequence of the rapid 
propionate metabolism in this background. 
 
c Quantification of cellular methylmalonate 
 
After observation of the growth behavior of the strains on propionate, their cellular 
methylmalonate content was quantified. The C. glutamicum strains analyzed were grown on 
minimal propionate-containing medium, in the presence of 0.1 mM adenosylcobalamin and 
consisted of the mutase-deleted mutant Δ1859-57, the over-expressing strain carrying the 
vector pEKEx2MCM_Cgl and the control strain carrying the empty vector pEKEx2 in the 
case where growth could be obtained (see figure C-16 for the growth). The deletion mutant 
and the control strain showed similar extremely high levels of cellular methylmalonate, 
significantly higher than those observed for any strain during the growth on glucose (figure C-
17). In the over-expressing strain however, the methylmalonate content is dramatically (5 
fold) diminished. On propionate, a high concentration of methylmalonate is present in the 
cells, and the increase of MCM activity due to gene over-expression results in its 
disappearance. This suggests clearly that in vivo MCM activity is oriented towards the 
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Figure C-17: Methylmalonate content in Corynebacterium glutamicum strains grown 



























Figure C-18: Succinate (a) and methylmalonate (b) concentrations in the culture 
supernatants of Corynebacterium glutamicum strains grown on minimal medium 
containing 1 % proionate as carbon source with 0.1 mM adenosylcobalamin. 
(These data were qualitatively confirmed via GC-MS). 
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d Quantification of extracellular succinate 
 
From the same cultures used to quantify intracellular methylmalonate content of the over-
expressing strain C. glutamicum pEKEx2MCM_Cgl and its control C. glutamicum pEKEx2 
grown on propionate with adenosylcobalamin, the succinate concentration in culture broth 
supernatant was measured. No succinic acid could be detected in the cultivation medium of 
the growing control strain (figure C-18 a). The medium of the over-expressing strain 
contained large amounts, up to 20 mM of succinic acid (other experiments showed lower 
concentrations but still considerably increased over control). In this strain, methylmalonyl-
CoA is apparently converted to succinic acid which is then exported. Methylmalonate was 
also tested in the supernatants (figure C-18 b). The control strain showed low and constant 
extracellular methylmalonate concentrations throughout growth while, in culture of the 
mutase over-expressing strain, methylmalonate was detected at higher concentrations only 
during the terminal phase of the culture. Thus, under conditions in which growth is blocked 
during growth on propionate with adenosylcobalamin supplementation, the over-expressing 
strain still metabolizes propionate to accumulate both methylmalonate and succinate. 
 
3) Adenosylcobalamin dependent methylmalonyl pathway 
 
Recently a role for MCM in propionate utilization has been described in Mycobacterium 
tuberculosis. In this bacterium, a methylcitrate cycle is operating. It possesses homologues of 
methylcitrate synthase and methylcitrate dehydratase, while the activity of methylisocitrate 
lyase is done by the two isocitrate lyases in this organism (Munoz-Elias et al., 2006). A M. 
tuberculosis mutant with a non functional methylcitrate cycle cannot grow on propionate as 
sole carbon source. However this ability is restored by vitamin B12 supplementation. This 
proves the existence of a functional vitamin B12 dependent methylmalonyl-CoA mutase and a 
pathway able to replace the methylcitrate cycle for the assimilation of propionate in presence 
of adenosylcobalamin in M. tuberculosis (figure C-19) (Savvi et al., 2008). 
 
 











Figure C-19: Proposed pathways of propionate metabolism in Mycobacterium 
tuberculosis (Savvi et al., 2008). 
 
A similar experiment was performed with a C. glutamicum strain having a double deletion 
mutation for the two methylcitrate synthase genes prpC1 and prpC2.This mutant is also 
unable to grow on propionate as sole carbon source (Radmacher and Eggeling, 2007). It was 
tested for its ability to grow on propionate when coenzyme B12 is supplemented in the 
cultivation medium. The cultivations were performed under standard conditions used in this 
work with the difference that the second preculture containing propionate was performed with 
adenosylcobalamin. In the best case a final optical density of 4 was reached for this 
preculture, whereas it was 12 for the wild type. However, in the main culture no growth was 
observed after 50h cultivation. Addition of adenosylcobalamin already to the complex 
medium preculture gave the same negative result. If in presence of adenosylcobalamin in this 
strain the propionate is consumed via the MCM, the stopping in growth may have the same 
origin as for the mutase over-expressing strain. However, it is clear that the methylmalonate 
pathway in C. glutamicum cannot compensate for the deleted methylcitrate pathway as is seen 
in M. tuberculosis. 
 
4) Activity of acetyl-CoA carboxylase on different substrates 
 
Since we observed a high intracellular content of methylmalonate on propionate, a direct 
carboxylation of propionyl-CoA to methylmalonyl-CoA seems plausible. A candidate for this 
carboxylation is the acetyl- CoA carboxylase which carboxylates acetyl-CoA to malonyl-
CoA. It has been shown that the purified enzyme also has an activity with propionyl-CoA as 
substrate (Gande et al., 2007). It was also observed that expression of the α-subunit (accD1) 
of the acetyl-CoA carboxylase is reduced on acetate as compared with glucose which would 
agree with the different cellular methylmalonate content on these carbon sources. Activities of 
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acetyl-CoA and propionyl-CoA carboxylation directly in extracts of C. glutamicum cultivated 
on different substrates were therefore tested. For this purpose a discontinuous enzyme assay 
was used in the presence of ATP and product formation was analyzed by HPLC. 
C. glutamicum wild type has high acetyl-CoA carboxylase activity on glucose, whereas the 
activity is about 1/3 on acetate and propionate (table C-9). Importantly, in all cases also a high 
carboxylase activity with propionyl-CoA as substrate was present. Since at least on glucose 
and acetate the ratio of the activities obtained with both substrates was almost the same, it is 
reasonable to assume that in vivo the acetyl-CoA carboxylase is responsible for 
methylmalonyl-CoA formation, and this agrees also with results obtained with purified acetyl-
CoA carboxylase (Gande et al., 2007). The fact that on propionate the activity with propionyl-
CoA was not increased is unexplained but this could be due to a rather low protein content in 
the assay. Since the acetyl-CoA carboxylase is essential we cannot test a deletion mutant for 
its consequences to confirm our hypothesis. 
Table C-9: Specific activities for carboxylation of acetyl-CoA and propionyl-CoA in 
crude extract of C. glutamicum wild type grown on glucose, acetate or propionate, and 
ΔaccD4 grown on glucose. 
 Specific Activity (µmol/mg/min) 
with the substrate 
Strain Carbon source Acetyl-CoA Propionyl-CoA 
C.glutamicum wild type Glucose 0.037 ± 0.003 0.066 ± 0.001 
C.glutamicum wild type Acetate 0.012 0.032 
C.glutamicum wild type Propionate 0.013 0.016 
C.glutamicum ΔaccD4 Glucose 0.057 ± 0.002 0.074 ± 0.0045 
 
The gene accD4 in C. glutamicum is annotated as encoding a β-subunit of an unknown 
carboxylase. A C. glutamicum deletion mutant for this gene was constructed (ΔaccD4) and its 
acetyl-CoA and propionyl-CoA carboxylation activities measured (table C-9). Extracts of this 
strain grown on glucose showed higher activities with acetyl-CoA and propionyl-CoA than 
the wild type strain, whereas the ratio of both activities was largely the same in both deletion 
mutant and wild type. Since in principle it could be possible that AccD4 is involved in 
decarboxylation and its deletion therefore causes a higher total activity, also a decarboxylation 
assay of malonyl-CoA and methylmalonyl-CoA was tried in the presence of ADP. No product 
formation was detectable and it was therefore concluded that, the accD4 gene is not involved 
in decarboxylase activity. The increased activities seen with the deletion mutant in the 
carboxylase assay are probably a clonal variation and not due to absence/presence of accD4. 
The function of the accD4 gene remains unknown. 
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5) Conclusion 
 
In C. glutamicum, on propionate and adenosylcobalamin, the methylmalonyl-CoA originating 
from propionyl-CoA is converted by the mutase into succinyl-CoA (figure C-20). This is then 
further metabolized into succinate. At increased MCM activity succinate is produced in such 
amounts that it is excreted in the medium. The growth retardation in this case can be either a 
regulatory effect, or due to high toxic intracellular concentrations of succinyl-CoA or 
succinate. The different methylmalonate contents on glucose, acetate and propionate agrees 
with a different expression of acetyl-CoA carboxylase genes on these substrates and the high 
activity of the carboxylase with its false substrate propionyl-CoA. Product of the 
carboxylation of propionyl-CoA by the acetyl-CoA carboxylase would be (S)-methylmalonyl-
CoA which needs to be epimerized into the (R)-methylmalonyl-CoA to become substrate for 
the mutase. The enzyme catalyzing this reaction has not yet been identified in C. glutamicum 
although one gene is annotated as an epimerase (NCgl1170). Furthermore, the fact that over-
expression of the mutase during the growth on propionate leads to a drastic decrease of the 
cellular methylmalonate content indicates that such an epimerase is present and functional in 


























Figure C-20: Pathways of propionate metabolism in Corynebacterium glutamicum, 
implication of the methylcitrate cycle and the methylmalonyl pathway.  
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V) Application: pathway to 3-hydroxyisobutyrate 
 
1) Presentation of the project 
 
The Evonik Degussa company supporting this work is dedicated to the production of 
chemicals finding applications in diverse fields and industries, from pharmaceuticals to 
automotives. The present work comes within the context of a project proposing the 
biosynthesis of 3-hydroxyisobutyrate (3-HIB) in C. glutamicum. It is the intention to further 
transform biologically synthesized 3-HIB chemically to different polymers. This would 
replace the purely chemical technology to make polymers from petrochemical feed stocks by 
a route where glucose is the starting material. Today, a wide range of compounds are 
produced biotechnologically by various organisms. An example is the recently established 
process of 1,3-propandiol production with Klebsiella pneumoniae (Ji et al., 2009). The use of 
C. glutamicum for the development of such a process is inspired by the interest in production 
via processes based on renewable cheap materials like sugar and the proven capacity to scale-
up C. glutamicum to industrial scale fermentations. It is thereby possible to take advantage of 
the experience gained with this organism in the industrial production of amino acids to extend 
the range of biotechnological applications. 
3-HIB is produced naturally during the degradation of amino acids (Ko et al., 1991) but not 
synthesized from sugar, the preferred starting material for industrial bioprocesses. The entire 
project explores different routes for 3-HIB production. The route designed here suggests the 
use of a synthetic pathway in C. glutamicum (figure C-21). The first enzyme to be involved in 
this pathway is the MCM, that would catalyze the formation of methylmalonyl-CoA from the 
succinyl-CoA originating from the TCA cycle. The two reductions to obtain 3-HIB would 
then be catalysed successively by heterologous enzymes from thermophilic organisms: a 
modified malonyl-CoA reductase from Sulfolobus tokodaii (Alber et al., 2006) and a 3-
hydroxyisobutyrate dehydrogenase from Thermus thermophilus (Lokanath et al., 2005). The 
MCM reaction was shown to be oriented towards succinyl-CoA formation, nevertheless the 
conditions of substrate availability might change in the presence of the other enzymes, 
decreasing the methylmalonyl-CoA pool in the direction of 3-HIB production. The mutase 
activity could thus be favored for isomerization of succinyl-CoA in methylmalonyl-CoA in 
these conditions. 
 





























Figure C-21: Synthetic pathway designed for the production of 3-hydroxyisobutyrate in 
Corynebacterium glutamicum. 
 
2) Malonyl-CoA reductase 
 
The malonyl-CoA reductase is part of the 3-hydroxypropionate cycle for autotrophic carbon 
dioxide fixation (Ishii et al., 2004). It has been described in the bacterium Chloroflexus 
aurantiacus as a bifunctional enzyme reducing the malonyl-CoA to 3-hydroxypropionate in 
two steps via the free intermediate malonate semi-aldehyde (figure C-22) (Hugler et al., 
2002).  
 
Figure C-22: 3-Hydroxypropionate cycle of Chloroflexus aurantiacus. Enzymes: 
1, acetyl-CoA carboxylase; 2, malonyl-CoA reductase (NADPH); 3, propionyl-
CoA synthase; 4, propionyl-CoA carboxylase; 5, methylmalonyl-CoA epimerase; 
6, methylmalonyl-CoA mutase; 7, succinyl-CoA:l-malate-CoA transferase; 8, 
succinate dehydrogenase; 9, fumarate hydratase; 10, l-malyl-CoA lyase. 
(reproduced from (Alber et al., 2006). 
 
However in the Archaeon S. tokodaii, the malonyl-CoA reductase catalyzes only the first 
reduction leading to malonate semi-aldehyde (Alber et al., 2006). Measured at 55 °C, the 
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activity with methylmalonyl-CoA as substrate of the S. tokodaii reductase expressed in E. coli 
represents 0.5% of its activity with malonyl-CoA. Thus, the introduction of this enzyme in the 
pathway designed in the frame of the present study required its evolution in order to increase 
its affinity for methylmalonyl-CoA as well as its activity at lower temperatures. A proprietary 
strain harboring such a mutated enzyme catalyzing the reduction of methylmalonyl-CoA into 
methylmalonate semi-aldehyde was provided from Evonik. 
 
3) 3-hydroxyisobutyrate dehydrogenase 
 
The third enzyme as part of the pathway for 3-HIB formation, is the 3-hydroxyisobutyrate 
dehydrogenase (3-HIB DH) of T. thermophilus. The 3-HIB DH is a widespread enzyme 
reversibly catalyzing the oxidation of 3-HIB in methylmalonate semi-aldehyde in the 





























Figure C-23: Catabolic pathway of valine. The step catalyzed by the 3-
hydroxyisobutyrate dehydrogenase boxed (Lokanath et al., 2005). 
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The control of the activity of the 3-HIB DH is of importance, particularly in mammals where 
changes in levels of 3-HIB in serum and urine have been reported in several diseases (Ko et 
al., 1991; Landaas, 1975). The 3-HIB DH from T. thermophilus has been crystallized and 
found to use NADPH as cofactor as opposed to mammals 3-HIB DH described using NADH 
(Lokanath et al., 2005; Robinson and Coon, 1957). A corresponding activity is not present in 




The genes encoding the three enzymes of the pathway designed for 3-HIB production were 
expressed from plasmids in C. glutamicum. The MCM was expressed via the plasmid used 
during this work, pEKEx2MCM_Cgl, carrying the three genes NCgl1470, NCgl1471 and 
NCgl1472 from C. glutamicum placed under the control of an IPTG inducible promoter. The 
genes encoding the reductase and the 3-HIB DH have been cloned together or independently 
on an other plasmid where their expression was also placed under the control of an IPTG-
inducible promoter (Ptrc; see Materials and Methods section). Sequence of the genes 
encoding the reductase and the 3-HIB DH have been adapted to C. glutamicum codon usage. 
The plasmids obtained were 
• pEC_DH   carrying only the 3-HIB DH from T. thermophilus,  
• pEC_DH_MCR  carrying the 3-HIB DH from T. thermophilus and S. tokodaii 
methhylmalonyl-CoA reductase. 
Preliminary studies at the Evonik Company showed that the wild type S. tokodaii gene and 





Preliminary analyses have been made together with Evonik with the C. glutamicum strain 
over-expressing together the MCM, the 3-HIB DH gene and the reductase. This strain 
cultivated on glucose with addition of adenosylcobalamin and propionate during growth 
showed that at the end of exponential phase small amounts of 3-HIB had been produced in an 
induction-dependent manner. These first results gave confidence in the pathway set up. 
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Afterwards different conditions were tested for cultivation in order to find the best solution 
for 3-HIB production. When the MCM encoding genes were not over-expressed, the strain 
harbors always the empty control vector pEKEx2. For clarity and simplicity this will not be 
notified. 
 
a Glucose as carbon source under decreased aeration 
 
− Growth 
In order to be economically interesting, the production of compounds by microorganisms 
needs to be based on a cheap growth substrate like sugar. In the experiments conducted in the 
frame of this work, it was observed that on glucose, a decreased aeration of the cultures led to 
the increase of the intracellular methylmalonate via MCM activity. 
In order to investigate the possibility that the observed effect can be used to supply 
methylmalonyl-CoA for 3-HIB-synthesis , C. glutamicum strains producing combinations of 
the three enzymes were grown with decreased shaking in minimal medium containing 4 % 
glucose as carbon source together with adenosylcobalamin. The main culture was carried out 
without antibiotics and a test of the cultures via plating on selective medium verified the 
presence of the plasmids. The strains analyzed in this experiment were over-expressing the 
genes as follows:  
• either the three enzymes (strain C. glutamicum pEKEx2MCM_Cgl pEC_DH_MCR), 
• or the reductase and the 3-HIB DH (strain C. glutamicum pEC_DH_MCR),  
• or only the 3-HIB DH (strain C. glutamicum pEC_DH). 
 
Growth was followed and is represented in figure C-24. The C. glutamicum strain over-
expressing only the 3-HIB DH presented faster growth than the two other strains, 
corresponding actually to the wild type growth (observed in paragraph C-III-4-b). Indeed, the 
optical density of 4 was reached at about 40 h of cultivation when the strains over-expressing 
the three enzymes or the reductase and the 3-HIB DH needed more than 80 h. It indicates thus 
a growth defect for these two latter strains. For each strain, the induction of the expression of 
the genes encoded on the plasmids did not lead to any growth difference. Taken in addition 
with the observation that there is a growth difference between the strains already without 
induction, this might indicate a leak of the promoter directing the expression of the plasmid 
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encoded genes. It would be interesting to verify this with the measure of the gene expression 
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Figure C-24: Growth of the Corynebacterium glutamicum strains harbouring plasmids 
enabling expression of 
• the complete pathway for 3-HIB production (C. glutamicum  wild type 
pEKEx2MCM_Cgl pEC_DH_MCR),  
• the Sulfolobus tokodaii reductase and the Thermus thermophilus 3-hydroxyisobutyrate 
dehydrogenase (C. glutamicum wild type pEKEx2 pEC_DH_MCR)  
• only the Thermus thermophilus 3-hydroxyisobutyrate dehydrogenase (C. glutamicum 
wild type pEKEx2 pEC_DH), 
on minimal medium with 4 % glucose as carbon source and 0.1 mM adenosylcobalamin 
supplementation under decreased aeration conditions (30 rpm). Induction means the 
addition of 0.1 mM IPTG in the medium enabling the over-expression of the plasmid 
encoded genes (indicated by the arrow). 
 
− Organic acids and 3-hydroxyisobutyrate production 
Presence of organic acids has been investigated in the culture supernatants. In every case no 
methylmalonate could be detected whereas succinate and lactate accumulated during 
cultivation (figure C-25). Again for each strain no difference was observed between the 
values obtained without and with induction of the plasmids encoded genes. Comparison of the 
strains revealed a slightly increased formation of succinate and lactate in the strain expressing 
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only the 3-HIB DH which might be due to its better growth. The maximal extracellular 
concentration of succinate detected in this strain reached up to 35 mM against about 25 mM 
for the strains over-expressing the genes encoding the complete pathway without and with 
mutase. Concerning the lactate concentrations, 200 mM were measured for the 3-HIB DH 
over-expressing strain and 150 mM for the other strains. Selected samples issued from these 






























































Figure C-25:. Succinate (a) and lactate (b) concentration in the culture supernatant of 
Corynebacterium glutamicum strains grown on minimal medium with 4 % glucose as 
carbon source and 0.1 mM adenosylcobalamin supplementation under decreased 
aeration conditions (30 rpm) (growth is given in figure C-24). Induction means 




Expression of the pathway genes under the conditions of this experiment is not leading to 3-
HIB formation. This is surprising in view of the initial observations. The reduction of external 
succinate accumulation in the strain over-expressing the complete pathway or only the two 
heterologous genes, could be related with their slower growth, or its further metabolization. 
However if further metabolism is occurring this is not leading to 3-HIB formation. If 
succinate is metabolized, methylmalonate semi-aldehyde accumulation would then occur, 
maybe explaining the growth disadvantage of these two strains. Furthermore, as it was seen in 
earlier experiments, expression of the mutase genes either chromosomally, or from a multiple 
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copy plasmid does not seem to affect the extracellular succinate accumulation, suggesting its 
origin from a mutase independent way. Moreover, excretion of lactate is also reduced in these 
two strains, suggesting a slower metabolism.  The starting hypothesis of this experiment took 
into account the relative increase in intracellular methylmalonate concentration induced by 
over-expression of the mutase genes under conditions of poor aeration on glucose. The 
absolute concentration may nonetheless be too low to enable this effect to be passed either on 
succinate or 3-HIB excretion. 
It is therefore necessary to have evidence of the efficiency of the pathway with tangible 3-HIB 
formation before further investigations under decreased aerations. 
 
b Glucose and propionate as carbon source  
 
The methylmalonate/methylmalonyl-CoA content measured during the growth of C. 
glutamicum on propionate as sole carbon source was much higher than on glucose. As 
substrate of the evolved reductase, increased methylmalonyl-CoA availability during growth 
on propionate is an interesting manner to test the in vivo functionality of the two last enzymes 
of the synthetic pathway for 3-HIB production. During growth on propionate we observed 
that over-expression of the mutase led to a drastic decrease of the methylmalonate pool in the 
cells. Analysis of the pathway in conditions of low and high methylmalonate/methylmalonyl-
CoA availability will then be possible by comparing the C. glutamicum strain over-expressing 
only the reductase and the 3-HIB DH with the C. glutamicum strain over-expressing the 
complete synthetic pathway. The comparison of the strains will be based on the succinate 
excretion and the 3-HIB formation itself. 
 
− Growth 
The strains analyzed were the same as in the previous experiment,  
• C. glutamicum pEKEx2MCM_Cgl pEC_DH_MCR, 
• C. glutamicum pEC_DH_MCR,  
• C. glutamicum pEC_DH. 
In this experiment, propionate was not added at the beginning of the cultivation. Cultivations 
were initiated with glucose as sole carbon source, and when growth had started, propionate 
was added and expression of the plasmid-encoded genes was induced by IPTG addition. The 
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time at which addition of propionate and IPTG took place was dependent on growth, the 
details are indicated in Figure C-26. The cultivations were performed in the presence of 
adenosylcobalamin and in the absence of antibiotics. The cultures were tested via plating on 
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Figure C-26: Growth of the Corynebacterium glutamicum strains harbouring plasmids 
enabling expression of  
• the complete pathway for 3-HIB production (C. glutamicum  wild type 
pEKEx2MCM_Cgl pEC_DH_MCR),  
• the expression of the Sulfolobus tokodaii reductase and the Thermus thermophilus 3-
hydroxyisobutyrate dehydrogenase (C. glutamicum wild type pEKEx2 pEC_DH_MCR)  
• only the Thermus thermophilus 3-hydroxyisobutyrate dehydrogenase (C. glutamicum 
wild type pEKEx2 pEC_DH), 
on minimal medium with 4 % glucose as carbon source and 0.1 mM adenosylcobalamin 
supplementation with further addition of 1 % propionate. Propionate and IPTG were 
added at 11 h cultivation except for the strain C. glutamicum pEC_DH for which it was 
added at 8.5 h cultivation(indicated by the arrows). 
 
The final optical density obtained by the cultures in these conditions reached about 60 (figure 
C-26), a value also seen for the wild type of C. glutamicum with glucose as carbon source The 
two phases of the glucose and propionate availability was also reflected in the growth 
behaviour of the strains. The strain over-expressing only the 3-HIB DH started to grow 
rapidly on glucose with a calculated growth rate of 0.32 h-1 (slightly higher than the growth 
rate of the C. glutamicum wild type on glucose). However after the addition of propionate the 
growth rate in the exponential phase decreased to 0.09 h-1. For this strain no difference was 
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apparent between the cultures without and with induction. In contrast, over-expression of the 
reductase plus 3-HIB DH or of the complete pathway, led to a growth defect as seen in the 
experiments already described above using glucose as the only carbon substrate throughout 
the culture.. The initial growth rate of both strains was 0.26 h-1. As observed in the first strain, 
propionate addition slowed growth: the growth rates calculated in the exponential phase were 
0.13 h-1 for the strain over-expressing the complete pathway, and 0.10 h-1 and 0.09 h-1 for the 
strain over-expressing the reductase plus the 3-HIB DH with and without induction, 
respectively. These values might be explained by the toxic properties of propionate and 
correspond to the growth rates obtained on propionate as alone carbon source. The final 
optical densities of the cultures do not vary from what is observed on glucose for C. 
glutamicum. It is different to the observation made by Claes, et al. that on a mixture of 
glucose and propionate, the growth was delayed but the final optical densities were higher 
than during the growth on glucose alone, suggesting the use of both carbon sources in the first 
case (Claes et al., 2002). Nonetheless, they used the same concentration for both carbon 
sources in their experiment when here glucose concentration was four time higher than the 
propionate concentration what may hide this effect.  
 
− Organic acids and 3-hydroxyisobutyrate production 
Succinate, lactate and 3-HIB concentrations were measured in supernatants of these cultures 
(figure C-27). In these measurements succinate accumulated transiently and disappeared in 
the stationary phase. However this phenomenon was present to a different extent in the 
respective strain. The concentrations observed with the C. glutamicum pEKEx2MCM_Cgl 
pEC_DH_MCR strain over-expressing the complete pathway reached more than 15 mM 
succinate accumulated during growth (again independent from induction by IPTG). The two 
strains over-expressing the incomplete pathway, either reductase plus 3-HIB DH or only DH, 
accumulated up to 10 mM of succinate. Concerning the lactate measurement a similar 
accumulation was observed in the supernatants and differences between the strains showed 
similar ratios than the succinate concentrations.  
Selected samples were analyzed for 3-HIB formation (table C-10). When samples collected at 
30 h of cultivation were compared, in the strain carrying the plasmid enabling over-expression 
of solely the 3-HIB DH, 3-HIB formation is the lowest with 0.54 mM (56 mg/l). With a 
concentration, of 2.52 mM (262.7 mg/l), the strain over-expressing the reductase and the 3-
HIB DH accumulated extracellularly the highest concentration of 3-HIB. Additional over-
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expression of the mutase genes in this strain led to a more than 2 fold decrease of 3-HIB 
accumulation with an intermediate concentration of 1 mM (103.5 mg/l). After 51 h of 
cultivation, when the cells are in stationary phase, amount of 3-HIB measured was reduced 
except for the strain expressing the two heterologous enzymes without the mutase. It has to be 
noticed that in contrast to growth or succinate and lactate accumulation, the induction of the 

















































































































Figure C-27: Succinate (a) and lactate (b) concentration in culture 
supernatants of Corynebacterium glutamicum strains grown on minimal 
medium with 4 % glucose as carbon source with 0.1 mM 
adenosylcobalamin supplementation and addition of 1 % propionate 
(growth is shown in figure C-26). Propionate addition and induction by 
IPTG were done at 11 h cultivation except for the strain over-expressing 
only the 3-hydroxyisobutyrate dehydrogenase gene for which addition 
was at 8.5 h cultivation. 
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Table C-10: 3-Hydroxyisobutyrate concentration in the culture supernatants of 
Corynebacterium glutamicum strains after 30 h and 51 h cultivation in a minimal medium 
containing a mixture of 4 % glucose and 1 % propionate as carbon source and 0.1 mM 
adenosylcobalamin. Induction was with 0.1 mM IPTG. 
The strain C. glutamicum pEKEx2MCM_Cgl pEC_DH_MCR carries the plasmids harbouring 
the genes encoding the complete pathway for 3-HIB production, the strain C. glutamicum 
pEKEx2 pEC_DH_MCR carries the control vector pEKEx2 and the plasmid encoding the 
Sulfolobus tokodaii reductase and the Thermus thermophilus 3-hydroxyisobutyrate 
dehydrogenase, the strain C. glutamicum pEKEx2 pEC_DH carries the control vector 
pEKEx2 and the plasmid encoding the Thermus thermophilus 3-hydroxyisobutyrate 
dehydrogenase. 
 3-HIB (mM) 
Strain induction 30 h 51 h 
C. glutamicum pEKEx2MCM_Cgl pEC_DH_MCR + 1 0.36 
- 0 0 
C. glutamicum pEKEx2 pEC_DH_MCR + 2.52 2.56 
- 0 0.13 
C. glutamicum pEKEx2 pEC_DH + 0.54 0.2 
- 0 0.11 
− Discussion 
This synthetic pathway for 3-HIB formation was designed for growth on glucose, with 
succinyl-CoA, as an intermediate of the TCA cycle, as its starting compound. When 
propionate was supplied as a carbon source, substrate availabilities change. In parallel to its 
metabolization via the methylcitrate cycle, propionyl-CoA issued from propionate is 
carboxylated to methylmalonyl-CoA (figure C-27). Upon over-expression of the mutase genes 
the high intracellular methylmalonyl-CoA pool is reduced due to isomerization to succinyl-
CoA and excretion of succinate is the consequence. Then without over-expression of the 
mutase genes, on propionate, a high concentration of methylmalonyl-CoA is available to enter 
the pathway to be reduced in two steps to 3-HIB. Mutase activity pulls off the methylmalonyl-
CoA in the direction of succinyl-CoA due to the equilibrium of the methylmalonyl-CoA 
mutase reaction towards succinyl-CoA (Cannata et al., 1965; Kellermeyer et al., 1964). In 
light of this it is clear that production on propionate involves an entirely different pathway 
flux with an opposing flux through MCM in order to achieve 3-HIB synthesis. 
The results obtained in these experiments show that the part of the pathway consisting in the 
reductase and the 3-HIB DH is functional and it enables 3-HIB formation when the substrate 
of the reductase, methylmalonyl-CoA, is supplied. Since this is enhanced to a great extent 
when the pathway genes are induced this is clearly linked to the plasmid containing the 
heterologous genes. The activity of the MCM however presents a disadvantage for 3-HIB 
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production as it diminishes the methylmalonyl-CoA availability for the reductase branch of 
the pathway. If propionate is the carbon source considered for the development of such a 
pathway for 3-HIB production in C. glutamicum, deletion of the MCM encoding genes may 
enable to increase the flux towards 3-HIB by avoiding loss of the precursor methylmalonyl-
CoA by isomerization into succinyl-CoA. On a mixture of glucose and propionate, deletion of 
the MCM could be applied in combination with anattenuatedor abolished flux of propionate 
into the methylcitrate cycle by deletion of the genes from the prpD2B2C2 cluster. The use of 
glucose as carbon source for 3-HIB production is currently difficult to envisage due to the 
preferred direction through the MCM reaction favouring succinyl-CoA formation. If glucose 
is to be exploited it will be necessary to find some manner to significantly increase the 
succinyl-CoA pool of the cells. A possibility could involve the blocking of the TCA cycle, by 
deletion of the succinate dehydrogenase activity for example, although a strain deleted for the 
succinyl-CoA synthetase genes did not show any alteration in its methylmalonate content 





























Figure C-27: Pathway for 3-hydroxyisobutyrate production in Corynebacterium glutamicum 
in the context of the use of glucose and propionate as carbon source. 
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D CONCLUSION 
 
Corynebacterium glutamicum is a microorganism extensively studied and used for large-scale 
amino acid production. The scientific and technological knowledge accumulated with this 
organism and its well established used on an industrial scale has led to the idea to use it also 
for the production of new compounds. 
 
The project, financially supported by Evonik, envisioned a synthetic pathway in C. 
glutamicum for the production of 3-hydroxyisobutyrate (3-HIB) which is required as a bulk 
chemical for methacrylate production. The idea was to use succinyl-CoA issued from the 
TCA cycle, and to convert this via three sequential enzyme activities, namely methylmalonyl-
CoA mutase (MCM), methylmalonyl-CoA reductase and 3-hydroxyisobutyrate 
dehydrogenase to 3-HIB. Whereas in C. glutamicum genes have been annotated as MCM 
homologues, the latter two reactions are absent and were supplied via heterologous genes 
from Sulfolobus tokodaii and Thermus thermophilus. While MCM is present in a wide range 
of organisms and catalyzes the reversible adenosylcobalamin-dependent isomerization of 
succinyl-CoA to (R)-methylmalonyl-CoA this reaction has never been described in C. 
glutamicum or its relatives, the only evidence for its potential presence is via sequence 
analysis. A substantial part of the present work was therefore dedicated to characterization of 
the MCM in C. glutamicum.  
 
The three C. glutamicum genes NCgl1470, NCgl1471 and NCgl1472 were annotated as 
encoding a heterodimeric MCM and the MeaB subunit of the complex. In this work, an in 
vitro enzyme assay using methylmalonyl-CoA as substrate was developed and validated by 
the analysis of strains expressing the characterized Escherichia coli MCM (Sbm), showed 
succinyl-CoA formation in extracts of C. glutamicum. This was about 3-fold increased upon 
over-expression of the genes and abolished upon their deletion. An activity in the reverse 
reaction with succinyl-CoA as substrate was not observed, which agrees with the fact that the 
equilibrium of the MCM reaction is in favor of succinyl-CoA formation. Thus C. glutamicum 
possesses a functional MCM encoded by the genes NCgl1470 to NCgl1472. 
 
 112 Conclusion 
Different approaches were used to search for an in vivo role of the mutase in C. glutamicum. 
For this purpose, the mutase over-expressing strain and the deletion mutant were compared 
with respect to growth on glucose, acetate, propionate, methylmalonate, lactate, and pyruvate, 
under both fully aerated and anoxic conditions, but also with respect to methylmalonate and 
succinate accumulation. On the three main substrates assayed, glucose, acetate and propionate 
- growth of C. glutamicum was not altered by the deletion of the MCM encoding genes. When 
the cofactor of the enzyme, adenosylcobalamin, was added in the cultivation medium, no 
effect was seen on either glucose or acetate. However, with propionate as carbon source and 
with adenosylcobalamin supplemented a distinct phenotype of the MCM over-expressing 
strain was observed. It can thus be concluded that C. glutamicum is unable to synthesize 
adenosylcobalamin, and that its supplementation is required for MCM activity. It can be 
furthermore concluded, that with propionate as carbon source, MCM provokes initially faster 
growth. However, due to strong metabolic disturbances further growth stops. Surprisingly, 
this phenotype was only occasionally observed for the wild type strain. 
 
Quantification of methylmalonate revealed that its formation in C. glutamicum is independent 
of the level of MCM activity. During growth on acetate up to 52 nmol methylmalonate.g (dry 
weight)-1 is present, whereas on glucose 385 nmol methylmalonate.g (dry weight)-1 are 
reached in stationary phase and on propionate up to 737 nmol methylmalonate.g (dry weight)-
1.It can be seen that the methylmalonate content on propionate is strongly reduced in presence 
of MCM activity. Furthermore, on this carbon source simultaneously with growth arrest 
succinate is excreted into the medium. Thus it appears that in C. glutamicum, MCM activity 
results in vivo in methylmalonyl-CoA conversion to succinyl-CoA. 
 
In C. glutamicum, propionate is known to be metabolized through the methylcitrate cycle 
which uses part of the TCA cycle. The results obtained in this work show that a parallel 
pathway involving MCM is present in C. glutamicum for propionate utilization. Propionyl-
CoA issued from propionate activation undergoes carboxylation into methylmalonyl-CoA, 
with the acetyl-CoA carboxylase proposed to catalyse this reaction. The methylmalonyl-CoA 
is present in the (S) configuration, and hence would need to be epimerized into its (R) form to 
become substrate of the MCM. Although no methylmalonyl-CoA epimerase is characterized 
in C. glutamicum, the fact that MCM activity on propionate drastically decreases the 
methylmalonate content of the cells, strongly suggests the presence of such an enzyme 
activity in this organism, and such an epimerase is annotated in the genome. Nonetheless this 
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methylmalonyl-CoA pathway can not replace the methylcitrate cycle for propionate 
utilization in C. glutamicum as was shown in the closely related bacterium Mycobacterium 
tuberculosis, since growth on propionate of a mutant deleted of methylcitrate-cycle-genes was 
not restored by adenosylcobalamin supplementation. 
 
Whereas the source of methylmalonate during growth on propionate is probably for the most 
part propionate itself, the source on glucose or acetate is unknown. Propionate is not usually 
considered to be an intermediate of glucose or acetate metabolism. Therefore methylmalonate 
might accumulate either as a catabolic product or as a biosynthetic precursor not used at later 
stages of growth where its level was shown to be increased. It could also be related with the 
second carboxylase activity present in all Corynebacterineae like C. glutamicum and M. 
tuberculosis, since in all these organisms, including Mycobacterium leprae with its largely 
decayed genome, MCM is present. Turnover of branched chain fatty acids may well be a 
possible role in some of this group of micro-organisms. 
 
The role of MCM in the synthetic pathway for 3-HIB production was supposed to provide 
methylmalonyl-CoA as the substrate for the methylmalonyl-CoA reductase, with the 
methylmalonate semi-aldehyde formed further reduced by 3-HIB dehydrogenase to 3-HIB. 
During growth on a mixture of glucose and propionate a set of recombinant strains expressing 
combinations of the corresponding genes, revealed that the methylmalonyl-CoA reductase and 
the 3-HIB dehydrogenase genes were expressed and the resulting proteins are functional in C. 
glutamicum. However, reduced 3-HIB levels were observed with functional MCM activity, in 
agreement with the conversion of methylmalonyl-CoA to succinyl-CoA thus reducing the 
substrate availability for the reductase and the dehydrogenase. If propionate is considered as 
substrate for 3-HIB production, MCM activity has to be deleted.  
 
Sugar is an economically interesting substrate for industrial production of compounds, but the 
studies on the MCM in C. glutamicum showed that in vivo the equilibrium of the reaction is in 
the direction of succinyl-CoA formation. Nevertheless, the observation was made that 
cultivation of the strain over-expressing MCM on glucose, under oxygen-deprived conditions 
led to high extracellular succinate concentrations as it was expected from literature, and also 
to a slight increase in the intracellular methylmalonate content. This latter effect is apparently 
not sufficiently important to become a viable source for 3-HIB production when the synthetic 
pathway consisting of the over-expression of the MCM, the methylmalonyl-CoA reductase 
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and the 3-HIB dehydrogenasewas examined. It is necessary to find conditions for the growth 
of C. glutamicum on glucose, where the succinyl-CoA pool is increased and MCM activity is 
directed towards methylmalonyl-CoA formation, in order to envisage the production of 3-HIB 
from this carbon source. 
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E Caractérisation et utilisation de l’activité 









Au cours du vingtième siècle l’industrie basée sur l’utilisation des énergies fossiles s’est 
largement développée, fournissant à la majorité de la population un grand nombre de produits 
d’usage quotidien. Cependant, l’enthousiasme accompagnant leur utilisation s’est vue peu à 
peu freiné par les limites associées à leur production. En effet, les ressources pétrolifères ne 
sont pas infinies et leur utilisation présente un impact environnemental considérable. Ainsi, la 
nécessité est apparue de concentrer des efforts de recherche pour le remplacement de produits 
dérivés du pétrole par des produits obtenus à partir de ressources renouvelables qui seraient 
également, dans le meilleur des cas, biodégradables. La biotechnologie repose sur l’utilisation 
d’organismes, plantes, levures, ou bactéries pour la fabrication de produits dits ‘ biologiques ‘. 
En ceci elle rejoint l’utilisation faite des ressources naturelles par l’homme depuis des milliers 
d’années avec par exemple, la fabrication de pain, de vin ou de produits laitiers. Les procédés 
industriels issus de la biotechnologie, nommés biotechnologie blanche, ont pour objectif de 
diminuer la consommation de matières premières, d’utiliser moins d’énergie pour la 
fabrication et de produire moins de déchets, réduisant a minima le coût sur l’environnement. 
Par ailleurs, les produits issus de la biotechnologie doivent être compétitifs sur le marché 
comparés aux produits dérivés du pétrole, particulièrement au niveau du coût et du confort 
d’utilisation. 
La biotechnologie n’a pas pour vocation exclusive de remplacer les produits issus de 
l’utilisation du pétrole mais elle est également dédiée à la production de composés naturels, 
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e.g. les acides aminés et les antibiotiques. Généralement, les voies métaboliques déjà 
présentes dans les organismes utilisés sont modifiées afin de les rendre appropriées pour le 
développement de procédés industriels. Les progrès scientifiques fournissent des outils 
indispensables au développement de la biotechnologie moderne. Aussi, de nombreux 
composés de consommation courante sont aujourd’hui issus de la biotechnologie. 
 
b Certains produits issus de la biotechnologie 
 
L’épuisement de la matière première nécessaire à la fabrication de nombreux produits et la 
pollution qu’ils engendrent font du remplacement des carburants issus du pétrole un défi 
majeur dans les prochaines années. Parmi les biocarburants pouvant remplacer le diesel 
minéral, le biodiesel, alternative au diesel minéral, peut être utilisé dans les moteurs 
classiques en mélange avec ce dernier et présente l’avantage de dégager moins de carbone 
lors de sa combustion (Van Gerpen, 2005). Le biodiesel, produit à partir d’huiles d’origine 
végétale ou animale, est issu d’un procédé employant, entre autre, l’activité d’une enzyme 
bactérienne (Fukuda et al., 2001). Le bioéthanol, produit lors de la fermentation par des 
microorganismes de sucres dérivés de végétaux, est la forme de biocarburant la plus utilisée 
au monde (Lin and Tanaka, 2006). Cependant, alors que sa production fait l’objet de 
controverses en raison de la surface agraire importante consacrée à la culture des plantes 
nécessaires à sa production et de l’utilisation de pesticides, son utilisation rencontre des 
problèmes dus à sa densité faible et à son incompatibilité avec les infrastructures classiques 
adaptés aux carburants d’origine minérale. De nouveaux biocarburants apparaissent essayant 
de pallier à ces problèmes, tels que le butanol, plus hydrophobe que l’éthanol et de densité 
plus élevée, qui est produit naturellement par des espèces de Clostridium, ou des organismes 
recombinants (Atsumi et al., 2008; Lin and Blaschek, 1983). Le champignon endophyte 
Gliocladium roseum ou certaines microalgues photosynthétiques sont parmi les organismes 
plus prometteurs pour la production de biocarburants. Ces derniers produisent respectivement 
des chaînes hydrocarbonées de taille moyenne à partir de cellulose et de grandes variétés 
d’hydrocarbones (Chisti, 2007; Strobel et al., 2008). 
 
Les plastiques synthétiques sont largement utilisés et sont appréciés pour leur malléabilité et 
leur résistance. Cependant, leur dégradation constitue un problème important de pollution 
environnementale. La combustion des matières plastiques est dangereuse pour la santé et leur 
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recyclage est difficile en raison de leur variété. Ainsi, leur remplacement par des polymères 
biodégradables, dont les polyhydroxyalcanoates (PHAs) est particulièrement nécessaire. Les 
PHAs, produits naturellement par 75 genres de bactéries, constituent des formes de stockage 
de nutriments. Selon leur composition, ils possèdent des propriétés physiques similaires de 
celles des plastiques synthétiques (Byrom, 1987; Madison and Huisman, 1999; Wang and 
Bakken, 1998). Ces matériaux naturels sont biodégradables puisque les microorganismes 
producteurs assurent la dégradation des PHA produits grâce à des dépolymérases et des 
hydrolases (Jendrossek et al., 1996). Les PHAs peuvent être de nature variée : en effet, les 
organismes proviennent de niches écologiques différentes et mettent en jeu des voies de 
biosynthèse différentes. Les sources de carbones présentes dans le milieu de culture influant 
sur la nature des monomères et les modifications chimiques introduites a posteriori 
conduisent à augmenter la diversité des polymères extraits (Madison and Huisman, 1999).  
Parmi les producteurs naturels, certains sont très efficaces en termes de variété, de taille ou de 
quantité de PHAs produits, telles les souches de Ralstonia utilisées pour la production 
commerciale de poly-3-hydroxybutyrate-3-hydroxyvalérate, ou de Methylobacterium 
extorquens pouvant produire un polymère de 3-hydroxybutyrate de haut poids moléculaire, 
i.e. supérieur à 1000 kDa (Bourque et al., 1995; Doi et al., 1987). Cependant, la plupart des 
producteurs naturels présentent un taux de croissance faible et une température optimale de 
croissance faible, peu avantageux dans le cadre du développement de procédés industriels. En 
outre, peu sont génétiquement caractérisées et ils possèdent également les voies de 
dégradations de ces polymères. Bien que leur croissance rapide puisse conduire en une 
accumulation moins importante de polymère, un nombre croissant de microorganismes 
recombinants sont utilisés pour la synthèse de PHAs. Cependant l’expression des voies de 
biosynthèse des PHAs peut entraîner des effets importants sur le métabolisme qui se 
traduisent par la filamentation des cellules ou la perte des plasmides d’expression introduits 
(Jung et al., 2000; Kidwell et al., 1995; Lee and Lee, 1996). Des organismes eucaryotes sont 
également utilisés pour la synthèse de PHAs, de la levure Saccharomyces cerevisiae aux 
plantes, e.g. Arabidopsis thaliana ou le coton. Les procédés utilisant les plantes sont moins 
couteux et plus écologiques mais encore au début de leur développement (John and Keller, 
1996; Leaf et al., 1996; Nawrath et al., 1994; Poirier et al., 1995). 
 
Les antibiotiques, métabolites secondaires qui représentent un marché économique de plus de 
25 milliards de dollars par an, sont produits naturellement par certains actinomycètes. Ces 
composés (Rokem et al., 2007). L’exemple de la pénicilline illustre le développement 
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continuel associé à la production des antibiotiques. Les mutagénèses successives ont 
augmenté le rendement de production de l’organisme producteur original, Penicillum 
chrysogenum, d’un facteur  100000. En outre, l’amélioration des procédés industriels assure 
une meilleure extraction et purification de l’antibiotique (Elander, 2003). Par ailleurs, la 
synthèse chimique permet d’obtenir des dérivés de la pénicilline d’efficacité plus importante 
dont les propriétés pharmacocinétiques varient (Demain and Elander, 1999). Néanmoins, les 
stratégies d’évolution des antibiotiques se portent de plus en plus vers une approche génétique 
ciblée. Il s’agira de modifier ou moduler les précurseurs nécessaires à l’élaboration des 
molécules antibiotiques ou de favoriser les voies métaboliques qui conduisent à sa 
biosynthèse in vivo afin notamment d’éviter la formation de produits secondaires. Enfin, 
l’expression, dans des hôtes hétérologues, de combinaisons de voies de biosynthèse 
différentes permet également d’étendre le spectre d’antibiotiques (Baltz, 2006; Weissman and 
Leadlay, 2005). 
 
Les acides aminés représentent un groupe important de produits issus de la biotechnologie 
avec un marché total de 4.5 milliards de dollars. Les acides aminés essentiels suivants, L-
lysine, L-méthionine, L-thréonine et L-tryptophane, sont produits pour être utilisés en tant que 
compléments alimentaires pour les animaux et représentent 56% du marché total des acides 
aminés (Leuchtenberger et al., 2005). Les acides aminés L-glutamate, L-aspartate et L-
phénylalanine sont également utilisés dans l’industrie alimentaire comme exhausteurs de goût 
ou dans les produits de remplacement des sucres. Enfin, les autres acides aminés sont 
employés dans l’industrie pharmaceutique et cosmétique et en tant que substrats pour les 
synthèses. La plupart des acides aminés protéinogéniques est produite par des mutants de 
Corynebacterium. glutamicum ou E. coli. La concurrence du marché, permet l’amélioration 
des souches et des procédés de production. L’optimisation des conditions de fermentation 
pour la production d’acides aminés a débuté il y a 50 ans pour l’amélioration des rendements 
de production de glutamate par C. glutamicum. Aujourd’hui, les connaissances acquises sur le 
métabolisme de cet organisme, les développements de la biologie moléculaire et des 
techniques de purification ont permis la mise au point de souches mutantes à haute capacité de 
production de L-glutamate et de L-lysine (de Graaf et al., 2001; Pfefferle et al., 2003). Alors 
que les acides aminés L-thréonine, L-tryptophane, et L-phénylalanine sont produits dans la 
souche E. coli (Cordwell, 1999; Debabov, 2003; Ikeda and Katsumata, 1999), d’autres 
organismes sont utilisés , e.g. espèces de Methylobacterium pour la production de L-sérine 
(Ikeda, 2003).  
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2) Corynebacterium glutamicum 
 
C. glutamicum a été découvert au milieu du siècle dernier dans un échantillon de sol et a 
initialement été caractérisé pour sa production naturelle de glutamate (Kiinoshita et al., 1957; 
Udaka, 1960). Dans l’ordre des Actinomycètes à Gram positif à l’ADN à haut pourcentage 
GC, C. glutamicum appartient au sous-ordre des Corynebacterineae, dont les membres se 
distinguent par la présence dans leur enveloppe d’acides gras particuliers appelés acides 
mycoliques. Plusieurs pathogènes, dont Mycobacterium tuberculosis, appartiennent au sous-
ordre des Corynebacterineae. Aussi, C. glutamicum est souvent utilisé en tant que modèle de 
l’étude de la paroi de ces organismes. 
En raison de son intérêt en tant que producteur d’acides aminés, des efforts considérables ont 
été mis en œuvre dans l’étude de la physiologie et du métabolisme de C. glutamicum, avec 
notamment le séquençage du génome de deux variantes de la souche ATCC13032 et de la 
souche R (Ikeda and Nakagawa, 2003; Kalinowski et al., 2003; Yukawa et al., 2007). 
Aujourd’hui, C. glutamicum est principalement utilisé dans le secteur industriel pour la 
production de 1.800.000 tonnes de L-glutamate et 850.000 tonnes de L-lysine par an 
(Leuchtenberger et al., 2005; Nakamura et al., 2007).  
 
3) Contexte du projet 
 
Les connaissances importantes des voies métaboliques et de la physiologie de C. glutamicum 
couplées à la possibilité de son utilisation industrielle, poussent à considérer cet organisme 
pour la production de nouveaux composés. Dans ce contexte, l’entreprise Evonik Degussa, 
qui supporte ce travail, développe la production de composés trouvant des applications de 
l’industrie pharmaceutique à l’industrie automobile. 
Ainsi le projet consiste en la création, chez C. glutamicum, d’une nouvelle voie pour la 
production de 3-hydroxyisobutyrate. Cette dernière utilise l’activité successive de deux 
enzymes hétérologues (décrites dans le paragraphe E-II-5). Le substrat initial de cette voie est 
le méthylmalonyl-CoA, issu de l’isomérisation du succinyl-CoA par la méthylmalonyl-CoA 
mutase (MCM). Bien qu’elle soit décrite dans un grand nombre d’organismes, cette activité 
n’a pas été caractérisée chez C. glutamicum. Cependant, les gènes NCgl1471 et NCgl1472 
sont annotés dans le génome comme codant pour des protéines qui possèderaient une activité 
MCM (Kalinowski et al., 2003). Le travail présenté dans ce manuscrit s’attache à l’étude et à 
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la caractérisation de l’activité méthylmalonyl-CoA mutase chez C. glutamicum, ainsi qu’à son 
application dans une nouvelle voie pour la production de 3-hydroxyisobutyrate. 
 




La méthylmalonyl-CoA mutase (MCM) catalyse l’isomérisation 5’-déoxyadénosylcobalamine 
-dépendante et réversible du (R)-méthylmalonyl-CoA en succinyl-CoA. Le cofacteur 5’-
déoxyadénosylcobalamine, ou adénosylcobalamine est impliqué dans la formation des 
radicaux intermédiaires de cette réaction (Banerjee, 2003; Kellermeyer et al., 1964). 
L’équilibre de cette réaction est en faveur de la formation de succinyl-CoA (Cannata et al., 
1965; Kellermeyer et al., 1964).  
 
b Présence et fonctions dans les organismes 
 
Bien que la MCM soit présente dans une grande variété d’organismes, i.e. des bactéries aux 
mammifères, sa fonction  n’a été que peu étudiée. 
− Chez l’homme 
 
Chez l’homme, la MCM est impliquée dans le métabolisme du propionate issu de la 
dégradation de plusieurs acides aminés, d’acides gras, et du cholestérol (Walter et al., 1989). 
La carboxylation du propionyl-CoA conduit à la formation de (S) méthylmalonyl-CoA. Après 
épimérisation, le (R)-méthylmalonyl-CoA produit est isomérisé par la MCM en succinyl-CoA 
qui est intégré dans le cycle de Krebs (Fowler et al., 2008). Un défaut dans l’activité de la 
MCM, lié à des mutations dans les gènes codant pour cet enzyme ou dans la synthèse et le 
transport de l’adénosylcobalamine entraîne une accumulation de méthylmalonate dans les 
fluides. Cette maladie appelée acidurie méthylmalonique se manifeste par des atteintes 
neurologiques et des symptômes plus ou moins importants selon le niveau d’activité 
résiduelle de l’enzyme (Dionisi-Vici et al., 2006; Tanpaiboon, 2005).  
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− Dans les microorganismes 
 
Dans le monde bactérien, les gènes de la MCM sont conservés mais le rôle métabolique de 
l’enzyme est souvent indéterminé. Par exemple, E. coli possède une mutase fonctionnelle bien 
que le méthylmalonyl-CoA n’y soit pas détecté (Dayem et al., 2002; Haller et al., 2000). 
Cependant, dans certains organismes, la MCM est étudiée en tant qu’enzyme clé des 
processus métaboliques les caractérisant. 
Ainsi, chez Propionibacterium shermanii, la MCM est étudiée en raison de son implication 
dans la fermentation du propionate. Lors du processus de maturation de l’emmental, le 
propionate est responsable, avec l’acétate et le CO2, de la formation des yeux ou trous de ce 
fromage et de son goût particulier (Allen et al., 1964; Fox et al., 1990).  
Le méthylmalonyl-CoA entre dans la composition d’un grand nombre de polykétides dont les 
antibiotiques. Les polykétides synthases, enzymes modulaires, assurent la condensation 
séquentielle des unités précurseurs dérivés du coenzyme A. La spécificité de chaque module 
chargé de sélectionner une unité particulière à une étape donnée détermine la nature du 
polykétide finalement synthétisé (Chuck et al., 1997; Donadio and Sosio, 2003). Ainsi, le 
contrôle de la production d'un polykétide peut passer par la manipulation non seulement de la 
spécificité de la polykétide synthase elle-même, mais aussi de la disponibilité des différents 
précurseurs, ce qui nécessite de connaître leurs voies de biosynthèse. Dans le cas de la 
monensine, produite par Streptomyces cinnamonensis, deux analogues A et B sont produits, 
différant par l’incorporation d’éthylmalonyl-CoA ou de méthylmalonyl-CoA selon le rapport 
des concentrations des deux précurseurs dans la cellule (Liu and Reynolds, 1999). Les voies 
métaboliques engagées dans la formation de méthylmalonyl-CoA dans cet organisme dont 
l’une implique la MCM dépend de la source de carbone présente dans le milieu de culture 
(Birch et al., 1993; Li et al., 2004; Marsh, 1999; Zhang et al., 1999). La voie qui mobilise 
l’activité MCM est favorisée lors de la croissance sur un milieu contenant des sucres et des 
protéines en tant que source de carbone. Chez Saccharopolyspora erythraea,les rôles des 
différentes voies conduisant à la synthèse des six molécules de méthylmalonyl-CoA requises 
pour la production d’érythromycine sont différents (Cortes et al., 1990; Reeves et al., 2006). 
La réaction catalysée par la MCM favorise la formation de succinyl-CoA ou de 
méthylmalonyl-CoA lors de la croissance sur un milieu contenant respectivement des sucres 
ou des composés dérivés d’huiles en tant que source de carbone. 
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c La méthylmalonyl-CoA mutase dimérique 
 
Les MCMs sont des enzymes dimériques, présentes selon l’organisme considéré, sous la 
forme d’homodimères ou d’hétérodimères. Les MCMs homodimériques, telles qu’elles sont 
décrites chez l’homme, la souris, les bactéries E. coli ou Sinorhizobium meliloti, consistent en 
deux grosses sous-unités α dont le poids moléculaire est compris entre 78 et 80 kDa (Haller et 
al., 2000; Jansen et al., 1989; Miyamoto et al., 2003; Wilkemeyer et al., 1990). Au contraire, 
les MCMS hétérodimériques retrouvées chez P. shermanii, S. cinnamonensis, ou 
Porphyromonas gingivalis possèdent une sous-unité α associée à une sous-unité β similaire de 
poids moléculaire plus faible (68 à70 kDa) (Birch et al., 1993; Jackson et al., 1995; Marsh et 




Récemment, une nouvelle mutation a été découverte comme étant responsable d’acidurie 
méthylmalonique chez l’homme. L’implication du gène MMAA dans la transformation du 
méthylmalonyl-CoA en succinyl-CoA avait préalablement été évoqué (Dobson et al., 2002; 
Matsui et al., 1983). Le produit du gène orthologue chez E. coli s’est vu attribuer un rôle 
d’ATPase membranaire requise pour le transport intracellulaire d’arginine, d’ornithine et de 
lysine. Ainsi, on a proposé l’implication du produit de MMAA dans le transport du coenzyme 
B12 (Celis, 1990). Cependant, la forte conservation de ces homologues dans les organismes 
possédant une MCM et le fait qu’il soit retrouvé dans la plupart des cas à proximité des gènes 
codant pour la mutase suggèrent que le produit de ce gène assure une fonction auxiliaire dans 
le contexte de la mutase (Bobik and Rasche, 2001; Haller et al., 2000)  
La MCM purifiée de P. shermanii a été décrite comme sensible à l’inactivation en conditions 
aérobies et stable en l’absence de substrat. Aussi, le produit de ce gène pourrait jouer un rôle 
de protection ou de réactivation de la mutase (Thoma et al., 2000). 
Un mutant de délétion de la bactérie méthylotrophe Methylobacterium extorquens AM1 pour 
le gène orthologue meaB, voit son défaut d’activité MCM complémenté lorsqu’il est cultivé 
en absence d’adénosylcobalamine ou dans des conditions qui ne conduisent pas à la 
production de méthylmalonyl-CoA. Ces deux conditions atténueraient une inactivation 
potentielle de l’enzyme résultant de la catalyse (Korotkova and Lidstrom, 2004).  
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Le produit du gène meaB appartient à la famille des P-loop GTPases et forme un complexe 
avec la mutase et l’adénosylcobalamine. L’hydrolyse de GTP est requise pour la liaison de 
l’adénosylcobalamine au complexe MCM-MeaB-méthylmalonyl-CoA-GTP. Au sein de ce 
complexe, un changement de conformation de MeaB serait responsable de sa fonction de 
protection de la mutase contre l’inactivation (Hubbard et al., 2007; Korotkova and Lidstrom, 
2004; Padovani and Banerjee, 2006).  
 
II) Résultats et discussion 
 
1) Sélection de méthylmalonyl-CoA mutases 
 
Chez C. glutamicum, la MCM semble être une enzyme hétérodimérique dont les sous-unités α 
et β seraient codées respectivement par les gènes NCgl1471 et NCgl1472 (Kalinowski et al., 
2003). En effet le produit du gène NCgl1471, d’un poids moléculaire de 80.172 kDa, possède 
68 % d’identité avec la sous-unité α de la mutase de P. shermanii, tandis que le produit du 
gène NCgl1472, d’un poids moléculaire de 65.999 kDa, présente 30 % d’identité de séquence 
avec la sous-unité β du même organisme. Le gène voisin NCgl1470 quant à lui, est annoté en 
tant qu’homologue d’argK.  
Nous avons intégré à l’étude de la MCM de C. glutamicum, la mutase Sbm d’E. coli qui, bien 
que son rôle ne soit pas défini in vivo, possède une activité MCM in vitro (Haller et al., 2000). 
Sbm est une MCM homodimérique dont la sous- unité α possède 59 % d’identité avec la 
même sous-unité de P. shermanii. (Roy and Leadlay, 1992). Nous incluons dans notre étude 
le gène adjacent au gène sbm, argK, dont le produit partage 51 % d’identité avec la protéine 
MeaB de Methylobacterium extorquens. 
Nous avons également choisi d’étudier l’activité des produits de gènes annotés également 
comme codant pour des MCMs qui consisteraient en une seule protéine possédant à elle-seule 
à la fois les domaines correspondant aux sous-unités α et β et à la protéine MeaB. Ces gènes 
sélectionnés pour notre étude sont le gène ReutA_0253 de R. eutropha JMP134 et le gène 
Sru_1689 de Salinibacter ruber DSM13855dont les produits possèderaient un poids 
moléculaire de 120.69 kDa et de 124.23 kDa respectivement. Une telle MCM n’est 
probablement pas répandue et n’a jamais été étudiée en détail. Cependant, l’extrait cellulaire 
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d’un mutant de Burkholderia fungorum délété pour un gène de ce type similaire à 
Reut_A0253 n’est plus capable de former du succinyl-CoA à partir de méthylmalonyl-CoA 
(Korotkova and Lidstrom, 2004). Il est cependant à noter que S. ruber DSM13855 possède 
également dans son génome trois gènes Sru_1791, Sru_1792 et Sru_1793 qui coderaient pour 
une MCM hétérodimérique associée à une protéine de type MeaB. 
 
Dans le cas de C. glutamicum ATCC13032 et de E. coli MG1655, les gènes cités ont étés 
amplifiés à partir du génome et clonés sous le contrôle d’un promoteur inductible à l’IPTG 
dans le vecteur pEKEx2 permettant leur expression dans E. coli et C. glutamicum, donnant 
respectivement pEKEx2MCM_cgl et pEKEx2MCM_coli. En ce qui concerne R. eutropha et 
S. ruber, leur éloignement taxonomique d’avec C. glutamicum implique un contenu en GC et 
un usage des codons différent. Afin d’éviter tout problème d’expression, la séquence des 
gènes Reut_A0253 et Sru_1689 a été adaptée à l’usage des codons de C. glutamicum et les 
gènes ont été synthétisés (Gene Art ; Rattisbone, Allemagne) avant d’être clonés sous le 
contrôle d’un promoteur inductible à l’IPTG dans le vecteur pEKEx2 pour leur expression 
dans C. glutamicum et E. coli grâce respectivement aux plasmides pEKEx2MCM_RE et 
pEKEx2MCM_SR. 
En vue des mesures d’activité et pour l’analyse phénotypique à suivre, un mutant de délétion 
des trois gènes NCgl1470, NCgl1471 et NCgl1472, C. glutamicum Δ1859-57 a été construit 
dans C. glutamicum ATCC13032 par un échange allélique permettant l’expression, dans la 
souche mutante, d’un produit de 60bp afin d’éviter des perturbations dans l’expression de la 
région génomique. 
 
2) Activité méthylmalonyl-CoA mutase activity in vitro 
 
a Description de l’essai enzymatique pour la mesure de l’activité méthylmalonyl-
CoA mutase 
 
L’activité MCM a principalement été étudiée sur des protéines recombinantes purifiées 
exprimées chez E. coli grâce à diverses méthodes basées sur le marquage radioactif de 
substrat, la détection des produits de réactions couplées, ou la détection du produit de la 
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réaction par analyse HPLC (Bobik and Rasche, 2003; Cannata et al., 1965; McKie et al., 
1990; Miyamoto et al., 2003; Zagalak and Retey, 1974). 
Au cours du travail présenté ici, l’activité MCM a été déterminée dans les extraits cellulaires 
des souches cultivées en milieu riche et en présence d’IPTG permettant l’expression des gènes 
plasmidiques d’intérêt. Ces extraits ont été obtenus après sonification et centrifugation 
d’échantillons de cultures récoltés en phase exponentielle de croissance. La formation du 
produit de la réaction a été mesurée par analyse HPLC. La réaction conduisant à la formation 
de méthylmalonyl-CoA après addition du substrat succinyl-CoA n’a jamais été observée, ce 
qui peut être dû à la sensibilité de l’essai ainsi qu’à l’équilibre de la réaction en direction de la 
formation de succinyl-CoA (Cannata et al., 1965; Kellermeyer et al., 1964).  
Les résultats présentés ici correspondent à la mesure, dans les extraits cellulaires, de l’activité 
MCM en présence d’adénosylcobalamine avec, en tant que substrat de la réaction, 
méthylmalonyl-CoA. La réaction a été analysée sur 3 min à 37 °C et à pH 7.2. Les contrôles 
appropriés, en l’absence de coenzyme ou de substrat on été effectués afin de vérifier la 
spécificité de la réaction observée et différentes quantités d’extraits ont été testées afin de 
s’assurer de la proportionnalité de l’activité. 
 
b Activité méthylmalonyl-CoA mutase dans les souches d’Escherichia coli  
 
Aucune formation de succinyl-CoA n’a été détectée dans les extraits de la souche d’E. coli 
contenant le vecteur contrôle pEKEx2. Ce résultat peut être corrélé au fait que aucun 
méthylmalonyl-CoA n’est détecté dans E. coli et est probablement dû à une forte régulation 
de l’expression des gènes codant la mutase dans cet organisme, dont l’activité est alors trop 
faible pour être détectée dans les extraits cellulaires (Dayem et al., 2002). 
La surexpression des gènes sbm et argK de E. coli dans E. coli entraîne la formation de 
succinyl-CoA dans les extraits de la souche E. coli pEKEx2MCM_coli, avec une activité 
MCM spécifique atteignant 0.59 µmol de succinyl-CoA formées par min et mg de protéines 
présentes dans l’extrait, confirmant que le gène sbm code pour une MCM fonctionnelle et 
validant l’essai enzymatique mis au point. 
Cependant la surexpression des gènes sélectionnés de C. glutamicum, R. eutropha et S. ruber 
dans E. coli, n’a pas conduit à la formation de succinyl-CoA dans les extraits cellulaires des 
souches correspondantes. Les séquences de ces gènes sont adaptées à l’usage des codons de 
C. glutamicum, néanmoins l’expression hétérologue de gènes de C. glutamicum dans E. coli 
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est une méthode utilisée pour la production de protéines dans le but de tester leur activité 
(Eikmanns et al., 1991). Une alternative expliquant le défaut d’activité MCM dans les extraits 
de ces souches est que les gènes sélectionnés ne codent pas pour des MCMs. 
 
c Activité méthylmalonyl-CoA mutase dans les souches de Corynebacterium 
glutamicum  
 
Contrairement à E. coli, une activité MCM a été mesurée pour les extraits de la souche 
sauvage et de la souche contrôle de C. glutamicum contenant le vecteur vide pEKEx2 (avec 
des activités MCM spécifiques de 0.19 ± 0.01 et 0.09 ± 0.01 µmol min-1 mg (protéines)-1 
respectivement). La surexpression dans C. glutamicum des gènes sbm et argK d’E. coli ou des 
gènes NCgl1470-71-72 de C. glutamicum conduit à une augmentation de l’activité MCM 
spécifique d’un facteur 4 (0.79 µmol min-1 mg (protéines)-1 mesurées pour la souche C. 
glutamicum pEKEx2MCM_coli et 0.59 ± 0.03 µmol min-1 mg (protéines)-1 pour la souche C. 
glutamicum pEKEx2MCM_Cgl). La production des protéines produits des gènes NCgl1471 et 
NCgl1472 a pu être vérifiée dans la souche C. glutamicum pEKEx2MCM_Cgl grâce à 
l’analyse MALDI-TOF des spots issus d’un gel deux dimensions. Le produit du gène 
NCgl1470, correspondant à la protéine de type MeaB, n’a pu être identifié, ce qui peut 
indiquer que cette protéine est synthétisée en plus faible quantité que les sous-unités de la 
mutase. 
L’absence d’activité MCM des extraits de la souche C. glutamicum Δ1859-57 permet de 
confirmer que la région génomique comprenant les gènes NCgl1470, NCgl1471 et NCgl1472 
code pour une MCM fonctionnelle dans C. glutamicum. 
Comme c’était le cas dans E. coli, les produits des gènes ReutA_0253 de R. eutropha et 
Sru_1689 de S. ruber, ne semblent pas posséder d’activité MCM dans C. glutamicum. 
N’ayant pas pu être détectées dans les extraits des souches correspondantes, les protéines ne 
sont peut-être pas produites dans ces conditions. Une alternative est que ces gènes ne codent 
pas pour des MCMs fonctionnelles. 
 
d Activité isobutyryl-CoA mutase avec les gènes de Ralstonia eutropha et 
Salinibacter ruber  
 
Alors qu’aucune activité MCM n’a pu être détectée avec les enzymes de R. eutropha et S. 
ruber, nous avons étudié la possibilité que ces enzymes possèdent une autre activité. 
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L’isobutyryl-CoA mutase (ICM), catalyse l’isomérisation dépendante de 
l’adénosylcobalamine entre le butyryl-CoA et isobutyryl-CoA, substrats proches des substrats 
de la MCM.  
Chez Streptomyces cinnamonensis les deux enzymes, MCM et ICM sont caractérisées et 
présentes toutes deux en tant qu’enzymes hétérodimériques possédant des sous-unités α et β 
(Birch et al., 1993; Zerbe-Burkhardt et al., 1998). Nous avons utilisé les séquences de ces 
enzymes afin de comparer, pour leur identité en tant que MCM ou ICM, les séquences des 
produits des gènes sbm, MCM avérée, ReutA_0253 et Sru_1689. La MCM caractérisée d’E. 
coli, Sbm, bien que similaire à la ICM de S. cinnamonensis, présente plus d’identité avec la 
MCM. Les deux polypeptides de R. eutropha et S. ruber quant à eux, présentent une plus forte 
identité avec les sous-unités ICM. 
L’activité ICM a été mesurée, grâce à un essai enzymatique similaire à celui mis en œuvre 
pour la mesure de l’activité MCM, dans les extraits des souches recombinantes d’E. coli 
exprimant les gènes de R. eutropha et S. ruber, respectivement E. coli pEKEx2MCM_RE and 
E. coli pEKEx2MCM_SR ainsi que dans la souche contrôle E. coli pEKEx2. Le substrat 
utilisé dans ce cas était le butyryl-CoA car l’équilibre de la réaction de l’ICM de S. 
cinnamonensis a été décrit en faveur de la formation d’isobutyryl-CoA (Ratnatilleke et al., 
1999). 
Aucune activité ICM n’a été mesurée ni dans les extraits de la souche contrôle ni dans les 
extraits de la souche surexprimant le gène de S. ruber. Au contraire, dans les extraits de la 
souche surexprimant le gène de R. eutropha, isobutyryl-COA est immédiatement formé avec 
une activité ICM spécifique de 0.015 µmol min-1 mg (protéine)-1. Ainsi le gène ReutA0253de 
R. eutropha code pour une enzyme possédant une activité ICM. Concernant le gène 
SRU_1689 de S. ruber, bien que ne codant pas pour une enzyme possédant une activité MCM 
ou ICM, les similarités de séquence observées suggèrent qu’il pourrait coder pour une mutase 
coenzyme B12-dépendante dont le substrat reste à identifier. 
 
e Autre activité dépendante de l’adénosylcobalamine  
 
Une nouvelle mutase dépendante de l’adénosylcobalamine similaire à l’ICM et catalysant 
l’isomérisation du 2-hydroxyisobutyryl-CoA en 3-hydroxybutyryl-CoA, a récemment été 
découverte dans la voie de dégradation de composés butylés chez l’organisme nouvellement 
identifié Aquincola tertiaricarbonis (Rohwerder et al., 2006). Nous avons reçu de la part 
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d’Evonik, le plasmide pET101/DTOPO::icmAB(Aq) permettant dans E. coli l’expression des 
deux gènes icmA et icmB codant pour la mutase de A. tertiaricarbonis afin de tester son 
activité dans un essai enzymatique basé sur celui de la MCM. Dans le cadre large du projet, 
cette enzyme pourrait être intéressante pour la formation de 2-hydroxyisobutyrate, d’intérêt 
pour la synthèse de biopolymères, et ceci notamment dans un organisme comme R. eutropha, 
produisant des quantités importantes d’un composé proche de son substrat, le 3-
hydroxybutyrate (Madison and Huisman, 1999). La protéine Reut_A0253 possédant une forte 
identité de séquence avec les protéines IcmA et IcmB d’A. tertiaricarbonis (respectivement 
35 % and 32 %), nous avons également testé les extraits de la souche d’E.coli surexprimant le 
gène Reut_A0253 pour cette activité. Le 2-hydroxyisobutyryl-CoA n’étant pas disponible 
dans le commerce, le 3-hydroxybutyryl-CoA a été utilisé en tant que substrat et sa disparition 
a été analysée par HPLC. 
Dans le cas de la protéine de R. eutropha la disparition observée du substrat 3-
hydroxybutyryl-CoA, étant identique dans la souche contrôle, n’est pas spécifique de 
l’expression du gène. De plus l’apparition d’aucun produit n’est détectée lors de l’analyse.  
Dans le cas de l’enzyme de A. tertiaricarbonis la disparition du substrat des mélanges 
réactionnels est toujours corrélée à l’apparition du coenzyme A, et ce dans toutes les 
conditions testées. Il est possible que le défaut d’activité de cette enzyme soit dû dans les 
conditions testées, à une imparfaite production de la protéine dans E. coli. En effet cette 
mutase a jusqu’à maintenant seulement été étudiée dans son organisme d’origine et de plus, 
dans une réaction inverse, orientée vers la production de 3-hydroxybutyryl-CoA. 
 
3) Activité méthylmalonyl-CoA mutase in vivo chez Corynebacterium glutamicum 
 
Dans le cadre de l’étude de la MCM in vivo chez C. glutamicum, nous avons étudié les 
conséquences de la délétion ou de la surexpression des trois gènes NCgl1470, NCgl1471 et 
NCgl1472 sur la croissance, dans différents milieux et en présence ou non de coenzyme B12. 
Nous avons également étudié les différences observées dans ces conditions dans le contenu en 
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a Croissance en présence de glucose, d’acétate ou d’autres sources de carbone 
 
La délétion des trois gènes codant pour la MCM n’a aucun effet sur la croissance de C. 
glutamicum en milieu minimum contenant du glucose en tant que source de carbone (taux de 
croissance calculé en phase exponentielle pour la souche sauvage et le mutant de délétion 
Δ1859-57 : 0.28 h-1) (voir la figure C-4 dans la partie C Results and discussion). Une 
comparaison par microarrays, dans ces conditions, de l’expression génique globale des deux 
souches, sauvage et mutant de délétion, a révélé que la délétion de la mutase et ses éventuelles 
conséquences sur les concentrations cellulaires en métabolites n’ont pas d’effet sur 
l’expression des autres gènes chez C. glutamicum. 
La recherche, dans la banque de données de microarrays de Jülich pour des conditions dans 
lesquelles l’expression des gènes NCgl1470, NCgl1471 et NCgl1472 était altérée a identifié 
des expériences concernant des études de l’effet de sources de carbone ou de l’expression de 
leurs régulateurs. Il semble donc y avoir un lien entre l’expression des gènes codant pour la 
MCM et l’utilisation de sources de carbone.  
Lorsque l’acétate est utilisé en tant que substrat, la croissance de la souche sauvage et du 
mutant de délétion de la MCM sont similaires (les taux de croissance calculés en phase 
exponentielle sont respectivement 0.29 h-1 et 0.27 h-1), impliquant que la MCM n’est pas 
nécessaire à la croissance de C. glutamicum sur cette source de carbone (voir la figure C-5 
dans la partie C Results and discussion).  
La croissance de ces deux souches a également été testée dans des conditions pauvres en 
oxygène sur un milieu minimum solide contenant du nitrate en tant qu’accepteur final 
d’électrons et diverses sources de carbone : glucose, acétate, un mélange de glucose et de 
méthylmalonate, pyruvate et lactate. Alors que les colonies sont apparues après trois jours 
d’incubation pour les cultures contrôles en milieu aérobie, en présence de glucose ou de 
glucose et de méthylmalonate, elles ne sont observées qu’après 21 à 23 jours  en milieu 
anaérobie. Dans le même temps, aucune croissance n’a été observée lorsque l’acétate était la 
source de carbone, et seulement des traces pour le pyruvate et le lactate. Ainsi l’activité de la 
MCM ne semble avoir aucun effet sur la croissance de C. glutamicum en conditions 
anaérobies sur les sources de carbone testées. 
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b Adénosylcobalamine 
 
La synthèse de novo du coenzyme B12, cofacteur de la MCM, est restreinte à certaines 
bactéries et archées. Bien que C. glutamicum soit censé appartenir aux espèces capable de 
synthétiser l’adénosylcobalamine (Martens et al., 2002), la banque de données KEGG révèle 
que toutes les enzymes connues participant à cette synthèse ne sont pas codées par son 
génome. De plus l’étude de la synthèse de méthionine a donné des indications quant à la 
synthèse et à la disponibilité du coenzyme B12 chez C. glutamicum (Ruckert et al., 2003). 
Deux méthionine synthases sont présentes, MetE et MetH, l’activité de MetH étant 
dépendante du coenzyme B12. L’auxotrophie pour la méthionine due à la délétion du gène 
metE est complémentée par l’addition de vitamine B12 dans le milieu. Ainsi lors de la 
croissance en conditions de laboratoire sur milieu minimum, comme c’est le cas dans le 
travail présenté ici, C. glutamicum ne synthétise pas de coenzyme B12. Afin d’assurer sa 
disponibilité dans nos expériences, nous avons donc supplémenté le milieu en 
adénosylcobalamine (concentration finale dans le milieu de culture : 0.1 mM). 
La croissance en présence de glucose ou d’acétate en tant que source de carbone de la souche 
sauvage et du mutant délété de la MCM n’est pas affectée par la présence 
d’adénosylcobalamine lors de la culture, confirmant les conclusions que la mutase n’est 
nécessaire pour la croissance de C. glutamicum sur aucun de ces deux substrats (voir la figure 
C-6 dans la partie C Results and discussion).  
 
c Quantification du méthylmalonate cellulaire 
 
Les conséquences de l’altération de l’activité MCM, lors de la délétion ou de la surexpression 
des gènes codant pour la mutase, ont également été étudiées sur le contenu cellulaire en 
méthylmalonyl-CoA et méthylmalonate. La méthode utilisée a été mise au point pour 
l’analyse du contenu en méthylmalonyl-CoA de Pseudomonas putida chez qui la 
quantification par le suivi de l’incorporation de β-alanine radio-marquée dans les acyl-CoA 
n’était pas possible (Gross et al., 2006). Le méthylmalonate et le méthylmalonyl-CoA sont 
convertis après extraction en dibutyl ester (diBE) de méthylmalonate. L’analyse quantitative 
est réalisée par GC/MS grâce à la dilution isotopique d’un étalon interne, l’ acide méthyl-d3-
malonique. Le spectre de masse des deux isotopes diffère d’un ion (m/z 101 pour le 
méthylmalonate diBE, m/z 104 pour le méthyl-d3-malonate diBE), et la quantification est 
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basée sur le ratio des aires des deux ions. Cette méthode permet de détecter à partir de 1 nmol 
de méthylmalonate par échantillon. Dans notre cas, cette méthode est indirecte car elle détecte 
dans l’échantillon à la fois le méthylmalonyl-CoA et le méthylmalonate. De plus elle ne 
distingue pas entre les deux épimères de méthylmalonyl-CoA. Les échantillons de cellules 
lyophilisées ont été analysés à Saarbrücken (Pharmazeutische Biotechnologie Universität des 
Saarlandes).  
 
− Méthylmalonate chez Escherichia coli 
 
Chez E. coli, indépendamment de l’activité MCM, et de la présence d’adénosylcobalamine 
dans le milieu de croissance, le contenu en méthylmalonate était en dessous des limites de 
détection de cette analyse. Il a été décrit que E. coli ne contient pas de méthylmalonyl-CoA 
(Dayem et al., 2002) et nous avons vu dans notre essai enzymatique que la MCM codée par le 
génome d’E. coli n’entraîne pas d’activité MCM dans les extraits cellulaires au contraire de 
l’enzyme surexprimée à partir des plasmides. Ainsi, in vivo l’augmentation de l’activité MCM 
n’a pas de conséquences sur le contenu en méthylmalonate, ce qui corrèle avec l’orientation 
de la réaction de la mutase Sbm en faveur de la formation de succinyl-CoA, comme les 
constantes cinétiques calculées pour l’enzyme purifiée le suggèrent (Haller et al., 2000).  
 
− Méthylmalonate chez Corynebacterium glutamicum  
 
Au contraire d’E. coli, le contenu en méthylmalonate a pu être quantifié dans C. glutamicum. 
Il présente une augmentation au cours de la croissance dans la souche sauvage avec un 
maximum en phase stationnaire (figure E-1). L’addition d’adénosylcobalamine dans le milieu 
de culture n’a aucun effet sur cette accumulation, de même que la présence de la mutase, le 
mutant de délétion Δ1859-57 et les souches surexprimant les gènes codant pour la mutase 
voyant leur contenu en méthylmalonate augmenter de façon similaire à la souche sauvage 
pendant la croissance. Lorsque la source de carbone est l’acétate, en présence 
d’adénosylcobalamine, bien que ce soit dans des quantités moins importantes, le 
méthylmalonate est également accumulé de façon similaire dans la souche sauvage et dans le 
mutant de délétion de la mutase (figure E-2). L’accumulation de méthylmalonate observée 
 134 Caractérisation et utilisation de l’activité MCM chez C. glutamicum 
chez C. glutamicum lors de la croissance sur glucose et acétate n’est donc pas reliée à 


































C. glutamicum sauvage sauvage Δ1859‐57 Δ1859‐57
sauvage Δ1859‐57
pEKEx2MCM_Cgl pEKEx2MCM_Cgl
Source de carbone Glucose Glucose Glucose Glucose* Glucose* Glucose*
AdoCbl ‐ 1 mM 1 mM ‐ 0.1 mM 0.1 mM
 
Figure E-1: Contenu en méthylmalonate des souches de Corynebacterium glutamicum 
lors de la croissance en milieu minimum contenant 4 % de glucose en tant que source de 
carbone sans ou avec addition d’adénosylcobalamine (AdoCbl). 



































Figure E-2: Contenu en méthylmalonate des souches de Corynebacterium glutamicum 
lors de la croissance en milieu minimum contenant 2 % d’acétate en tant que source de 
carbone en présence de 0.1 mM d’adénosylcobalamine (AdoCbl). 
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Nous avons éliminé la possibilité d’une contamination du milieu minimum par du 
méthylmalonate provenant de la préculture en milieu complexe, grâce à l’analyse de bactéries 
cultivées dans une préculture additionnelle effectuée en milieu minimum, pour lesquelles la 
même accumulation de méthylmalonate est observée. De plus, nous avons vérifié lors de la 
culture de la souche sauvage et du mutant de délétion de la MCM que le méthylmalonate n’est 
ni métabolisé ni co-métabolisé avec le glucose par C. glutamicum (voir la figure C-9 dans la 
partie C Results and discussion). Ainsi l’accumulation intracellulaire de méthylmalonate 
observée chez C. glutamicum lors de la croissance en présence de glucose est due à des 
processus métaboliques et non à des artéfacts expérimentaux. 
 
Dans les précédentes expériences, les cultures étaient effectuées en conditions d’agitation 
standard (120 rpm) procurant une aération du milieu. Ainsi, le flux à partir de glucose en tant 
que substrat de croissance passe par le cycle de Krebs dans son orientation oxydative 
(Wiegand and Remington, 1986). Lors de la croissance en conditions d’aération réduites, ce 
flux est supposé emprunter le cycle de Krebs réductif, et l’excrétion de succinate, de lactate et 
d’acétate est observée (Dominguez et al., 1993; Inui et al., 2004). L’excrétion de succinate 
étant probablement liée à un contenu cellulaire élevé en succinyl-CoA, la surexpression de la 
mutase dans ces conditions pourrait entrainer des changements dans le contenu en 
méthylmalonate. Nous avons donc étudié les conséquences, sur le contenu en méthylmalonate 
des souches possédant différentes activités MCM, d’une aération faible (grâce à l’agitation 
réduite à 60 rpm et 30 rpm) lors de la croissance sur un milieu contenant du glucose en tant 
que source de carbone (voir la figure C-11 dans la partie C Results and discussion). Les 
densités cellulaires atteintes dans toutes les cultures moins agitées sont plus faibles mais la 
croissance est similaire pour les trois souches, surexprimant les gènes codant pour la mutase 
et la souche sauvage et le mutant de délétion transformés par le vecteur vide. Le contenu 
intracellulaire en méthylmalonate est très réduit en comparaison avec les valeurs observées 
dans les cultures sous agitation standard (figure E-3). Cependant dans les deux conditions 
testées, 30 et 60 rpm, la souche surexprimant la mutase accumule des quantités légèrement 
plus importantes de méthylmalonate. Dans le même temps, l’analyse de surnageants de 
culture a montré que du succinate était excrété de façon similaire pour les trois souches. Cette 
excrétion est comme attendu, plus importante à 30 rpm (plus de 20 mM à 67 h de culture) 
qu’à 60 rpm (12 mM à la fin de la culture à 72 h). Ainsi dans les conditions d’aération 
réduites appliquées ici, la synthèse de succinate n’est apparemment pas liée à la présence de la 
MCM alors que l’accumulation de méthylmalonate est augmentée lorsque la mutase est 
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surexprimée. Ceci suggère un flux simultané dans les deux branches du cycle de Krebs 
conduisant à la formation de succinate dans la direction réductive et de méthylmalonate dans 
la direction oxydative. Néanmoins ces conditions permettent la première observation de 


























































Source de carbone Glucose Glucose Glucose
Agitation 30 rpm 30 rpm 30 rpm





Source de carbone Glucose Glucose Glucose
Agitation 60 rpm 60 rpm 60 rpm




Figure E-3:Contenu en méthylmalonate de souches de C. glutamicum lors de la 
croissance dans des conditions d’aération réduites ((a) 30 rpm et (b) 60 rpm) et sur 
milieu minimum contenant 4 % de glucose en tant que source de carbone en présence de 




C. glutamicum possède une MCM fonctionnelle codée par les gènes NCgl1470, NCgl1471 et 
NCgl1472. Des changements d’expression de ces gènes n’entraînent néanmoins aucune 
conséquence sur la croissance en présence de glucose ou d’acétate en tant que source de 
carbone.  
Le méthylmalonate, qui n’est pas détecté chez E. coli, est détecté chez C. glutamicum chez 
qui il pourrait être incorporé dans des composés spécifiques tels que les acides gras méthyl-
ramifiés (Daffé, 2005). De tels lipides sont synthétisés chez Mycobacterium tuberculosis, à 
partir de méthylmalonyl-CoA, grâce à une synthase similaire à la fatty acid synthase I 
(Rainwater and Kolattukudy, 1985). C. glutamicum ne possède pas de synthase strictement de 
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ce type mais possède deux fatty acid synthases I (Radmacher et al., 2005). Il a été montré 
qu’une fatty acid synthase I vertébrée pouvait accepter du méthylmalonyl-CoA en tant que 
substrat au lieu de malonyl-CoA (Scaife et al., 1978). L’idée que des lipides soit synthétisés à 
partir de méthylmalonyl-CoA chez C. glutamicum est supportée par le fait que le locus codant 
pour la MCM est synthénique chez les Corynebacterineae, dont la bactérie au génome 
dégénéré Mycobacterium leprae. Cependant si le méthylmalonate est présent dans un but de 
biosynthèse, il apparait néanmoins que son utilisation varie au long de la culture pour 
s’arrêter, conduisant à son accumulation. Une augmentation de la demande de ce composé 
pourrait avoir pour conséquence une augmentation de sa disponibilité dans la cellule, 
visualisée en tant qu’accumulation. En présence de glucose en tant que source de carbone, 
bien que la surexpression des gènes codant pour la mutase n’ait pas d’effet dans les conditions 
d’aération standard, elle entraîne dans les conditions d’aération réduite une augmentation du 
contenu en méthylmalonate des cellules.  
Alternativement, le « turn-over » des composés cellulaires pourrait conduire à la production 
de traces de précurseurs du méthylmalonyl-CoA et du méthylmalonate qui pourraient 
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4) Métabolisme du propionate chez Corynebacterium glutamicum 
 
Le propionyl-CoA pouvant être issu du catabolisme cellulaire, est un composé dont la 
carboxylation conduit au méthylmalonyl-CoA. Le propionate, précurseur du propionyl-CoA, 
peut être trouvé dans la nature et est issu de la dégradation d’acides gras, de cholestérol et 
d’acides aminés ramifiés telles que la valine, la leucine et l’isoleucine. Chez C. glutamicum le 
propionate est dégradé en succinate et pyruvate par le cycle du méthylcitrate dont les enzymes 


























Figure E-4: Le cycle du méthylcitrate chez Corynebacterium 
glutamicum: 2-méthylcitrate synthase (1), 2-méthylcitrate 
déhydratase (2), aconitase (3), 2-méthylisocitrate lyase (4).  
 
a Croissance de C. glutamicum en présence de propionate  
 
Les densités cellulaires atteintes lors de la croissance en présence de propionate en tant que 
source de carbone sont plus faibles que celles atteintes lors de la croissance en présence de 
glucose. La souche sauvage et le mutant de délétion de la mutase présentent le même 
phénotype lors de la croissance en présence de propionate (taux de croissance calculé 0.08 h-1) 
(figure E-5).  
 

























Figure E-5: Croissance de la souche sauvage Corynebacterium glutamicum et 
du mutant délété des gènes codant pour la MCM sur un milieu minimum 
contenant 1 % de propionate en tant que source de carbone en présence ou non 
de 0.1 mM d’adénosylcobalamine (AdoCbl). 
 
Ainsi qu’il a été fait lors de l’étude de la croissance en présence de glucose et d’acétate, les 
effets de l’addition d’adénosylcobalamine ont été étudiés en présence de propionate (figure E-
5). Alors que la croissance du mutant de délétion n’est pas affectée dans ces conditions (taux 
de croissance 0.07 h-1), la souche surexprimant les gènes codant pour la MCM a dans tous les 
cas montré une croissance stoppée prématurément (figure E-6). De plus le taux de croissance 
de cette souche en début de culture est plus élevé que celui du contrôle (0.13 h-1 en présence 
d’adénosylcobalamine versus 0.09 h-1 sans adénosylcobalamine). La souche sauvage ne 
possédant qu’une seule copie, génomique, des gènes codant pour la mutase n’a en revanche 
présenté ce phénotype qu’occasionnellement en présence du coenzyme. Sur la figure E-5 en 
effet, est représenté le cas pour lequel l’addition d’adénosylcobalamine entraîne, après un 
départ rapide, l’arrêt de la croissance (taux de croissance calculé : 0.11 h-1). Au contraire, dans 
la figure E-6, la croissance de la souche sauvage contenant le vecteur vide pEKEx2 est 
similaire à la croissance contrôle en l’absence de coenzyme (taux de croissance calculé : 0.09 
h-1). 














































Figure E-6: Croissance et consommation de propionate de la souche de 
Corynebacterium glutamicum surexprimant les gènes codant pour la MCM 
(pEKEx2MCM_Cgl) et de la souche contrôle contenant le vecteur vide (pEKEx2) sur 
un milieu minimum contenant 1 % de propionate en tant que source de carbone en 
présence ou non de 0.1 mM d’adénosylcobalamine (AdoCbl). 
 
La consommation de propionate a été mesurée pour la souche surexprimant les gènes codant 
pour la mutase ainsi que pour la souche contrôle portant le vecteur vide pEKEx2 (figure E-6). 
Le propionate est consommé de façon similaire dans la souche contrôle, que ce soit en 
présence ou non de coenzyme B12 et dans la souche surexprimant la mutase en l’absence 
d’adénosylcobalamine. L’entrée en phase stationnaire des cultures dans ces cas, est 
concomitante avec la consommation totale de propionate. Lorsque le coenzyme B12 est 
présent dans le milieu, le propionate est consommé plus rapidement par la souche 
surexprimant la mutase et la culture entre en phase stationnaire alors que du propionate est 
toujours consommé. L’arrêt de la croissance ne peut donc ainsi être dû à la consommation 
totale de la source de carbone. 
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D’après ces résultats, il semble que l’activité MCM, en présence de coenzyme B12, doit être 
élevée pour conduire au phénotype d’arrêt de croissance observé (cas de la souche 
surexprimant les gènes codant pour la mutase). Dans la souche sauvage, les effets 
occasionnels observés en présence de coenzyme sont probablement dus à des changements 
minimaux dans l’état physiologique de l’inoculum, bien que des protocoles standardisés 
soient mis en œuvre. 
La MCM est fonctionnelle in vivo chez C. glutamicum, et il peut être conclu d’après ces 
résultats que l’addition d’adénosylcobalamine est nécessaire à cette activité. De plus, il 
apparaît que l’activité de la mutase interfère avec le métabolisme du propionate. Le 
propionate est consommé plus rapidement lorsque l’activité MCM est élevée, donnant aux 
cultures un avantage pour la formation de biomasse. Cependant cette activité conduit 
probablement à l’accumulation d’intermédiaires à des niveaux toxiques provoquant un arrêt 
de la croissance et une entrée prématurée en phase stationnaire. L’expression génique globale 
de cette souche lors de cette phase rapide de croissance n’a pu être analysée, car les résultats 
reflétaient l’entrée en phase stationnaire. Les signaux conduisant à l’arrêt de la croissance 
apparaissent ainsi très tôt dans ces conditions. 
 
b Quantification du méthylmalonate cellulaire 
 
Le contenu en méthylmalonate a été mesuré lors de la croissance en présence de propionate et 
d’adénosylcobalamine dans le mutant de délétion Δ1859-57, la souche surexprimant les gènes 
codant pour la mutase, portant le plasmide pEKEx2MCM_Cgl, et la souche contrôle, portant 
le vecteur vide pEKEx2 (dans le cas où la croissance n’était pas affectée (voir figure E-6)). 
Les niveaux de méthylmalonate cellulaires sont très élevés lors de la croissance en présence 
de propionate (figure E-7). La surexpression de la mutase entraîne leur dramatique réduction, 
indiquant qu’in vivo, la réaction catalysée par la mutase est orientée vers la formation de 
succinyl-CoA (figure E-7). 
 

































































Source de carbone Propionate Propionate Propionate
AdoCbl 0.1 mM 0.1 mM 0.1 mM
 
 
Figure E-7: Contenu en méthylmalonate de souches de Corynebacterium glutamicum 
cultivées milieu minimum contenant 1 % de propionate en tant que source de carbone en 
présence de 0.1 mM d’adénosylcobalamine (AdoCbl). 
 
c Quantification du succinate extracellulaire 
 
Dans les mêmes cultures, la présence de succinate excrété a été mesurée dans le surnageant de 
culture. Aucun succinate extracellulaire n’a pu être détecté dans le milieu de la culture de la 
souche contrôle contenant le vecteur vide pEKEx2 tandis que jusqu’à 20 mM de succinate 
sont mesurés dans le milieu de culture de la souche surexprimant les gènes codant pour la 
mutase (voir la figure C-18 dans la partie C Results and discussion). Dans cette souche, le 
méthylmalonyl-CoA est apparemment converti en succinate, qui est excrété. Le 
méthylmalonate, quant à lui, est faiblement excrété tout au long de la culture pour la souche 
contrôle (2 mM mesurés dans le milieu de culture) et seulement à la fin de la culture pour la 
souche surexprimant la mutase (5 mM) (voir la figure C-18 dans la partie C Results and 
discussion). Ainsi cette dernière souche, dans des conditions où sa croissance est bloquée, 
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d Voie du méthylmalonyl-CoA dépendante de l’adénosylcobalamine 
 
Récemment, un rôle a été mis en évidence pour la MCM chez Mycobacterium tuberculosis, 
dans l’utilisation du propionate en parallèle du cycle du méthylcitrate (Munoz-Elias et al., 
2006). Un mutant de M. tuberculosis dont le cycle du méthylcitrate est interrompu voit son 
défaut de croissance sur propionate complémenté par l’addition de vitamine B12 dans le 
milieu de culture. La MCM dépendante de l’adénosylcobalamine est ainsi fonctionnelle dans 
cet organisme et une voie l’impliquant est capable de remplacer le cycle du méthylcitrate pour 














Figure E-8: Voies proposées pour l’utilisation du propionate chez Mycobacterium 
tuberculosis (Savvi et al., 2008). 
 
Nous avons mis œuvre une expérience similaire chez C. glutamicum avec un mutant 
incapable de métaboliser le propionate grâce au cycle du méthylcitrate et incapable de croître 
sur cette source de carbone (Radmacher and Eggeling, 2007). Cependant pour ce mutant, 
l’addition de coenzyme B12 dans le milieu de culture ne complémente le défaut de croissance. 
Ainsi chez C. glutamicum, si le propionate est métabolisé par une voie impliquant la MCM, 
cette voie ne peut pas suffire à la croissance. 
 
e Activité acétyl-CoA carboxylase  
 
La carboxylation directe du propionyl-CoA issu du propionate pourrait être responsable du 
contenu élevé en méthylmalonate mesuré chez C. glutamicum lors de la croissance sur cette 
source de carbone. L’acétyl-CoA carboxylase est un candidat potentiel pouvant catalyser cette 
réaction, car en plus de l’acétyl-CoA cette enzyme est capable de carboxyler le propionyl-
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CoA in vitro (Gande et al., 2007). De plus l’expression des gènes codant pour cette enzyme 
est plus élevée lors de la croissance sur glucose que sur acétate, ce qui correspond avec les 
différents contenus en méthylmalonate observés sur ces sources de carbone. 
L’activité de carboxylation de l’acétyl-CoA est élevée dans des extraits de C. glutamicum 
cultivés en présence de glucose en tant que substrat de croissance et diminuée de un tiers dans 
des extraits cellulaires provenant de cultures en présence d’acétate ou de propionate (tableau 
E-1). Dans tous les cas, une activité de carboxylation du propionyl-CoA élevée est également 
mesurée. Au moins pour les extraits provenant de bactéries cultivées en présence de glucose 
et d’acétate les rapports d’activité avec les deux substrats sont les mêmes, on peut donc 
supposer qu’in vivo l’acétyl-CoA carboxylase est responsable de la formation de 
méthylmalonyl-CoA. 
 
Tableau E-1: Activités spécifiques de la carboxylation d’ acétyl-CoA et de propionyl-
CoA dans les extraits cellulaires de C. glutamicum cultivé en présence de glucose, 
acétate ou propionate. 
 Activité spécifique (µmol/mg/min) 
Avec le substrat 
Souche Source de carbone Acétyl-CoA Propionyl-CoA 
C.glutamicum wild type Glucose 0.037 ± 0.003 0.066 ± 0.001 
C.glutamicum wild type Acetate 0.012 0.032 




Chez C. glutamicum, lors de la croissance utilisant le propionate en tant que source de 
carbone et en présence d’adénosylcobalamine, le méthylmalonyl-CoA provenant de la 
carboxylation du propionyl-CoA est converti par la mutase en succinyl-CoA (figure E-9). 
Celui-ci est ensuite métabolisé en succinate. Lorsque l’activité MCM est augmentée, le 
succinate est produit dans de telles quantités qu’il est excrété dans le milieu de culture. L’arrêt 
de croissance dans ce cas peut être du à un effet de régulation ou à l’accumulation 
intracellulaire de succinate ou de succinyl-CoA. Les différentes concentrations intracellulaires 
en méthylmalonate observées chez C. glutamicum lors de la culture en présence de glucose, 
d’acétate ou de propionate, sont en accord avec l’expression différente, sur ces substrats, de 
l’acétyl-CoA carboxylase, impliquée dans la carboxylation du propionyl-CoA en 
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méthylmalonyl-CoA. Le produit de cette carboxylation serait le (S)-méthylmalonyl-CoA. Or, 
celui-ci doit être épimérisé en (R)-méthylmalonyl-CoA afin d’être substrat de la MCM. 
L’enzyme responsable de cette épimérisation n’a pas encore été identifiée chez C. glutamicum 
bien qu’un gène soit annoté dans le génome comme codant pour une méthylmalonyl-CoA 
épimérase (NCgl1170). Le fait que la surexpression des gènes codant pour la mutase entraîne 
la diminution du contenu élevé en méthylmalonate habituellement observé dans les cellules 
lors de la croissance en présence de propionate, suggère fortement qu’une telle enzyme est 





























Figure E-9: Voies du métabolisme du propionate chez Corynebacterium glutamicum, 
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5) Application pour la formation de 3-hydroxyisobutyrate 
 
a Présentation du projet 
  
Le projet d’Evonik Degussa soutenant ce travail s’attache à la production de 3-
hydroxyisobutyrate (3-HIB) pour sa transformation ultérieure en polymères. La voie étudiée 
ici pour la production de ce composé chez C. glutamicum utiliserait la MCM pour la 
génération de méthylmalonyl-CoA à partir de succinyl-CoA (figure E-10). Le méthylmalonyl-
CoA serait alors transformé en 3-HIB via le méthylmalonate semi-aldéhyde par l’activité 
successive de deux enzymes hétérologues provenant d’organismes thermophiles : la malonyl-
CoA réductase modifiée de Sulfolobus tokodaii (Alber et al., 2006) et la 3-hydroxyisobutyrate 
déshydrogénase (3-HIB DH) de Thermus thermophilus (Lokanath et al., 2005). 
 
Nous avons observé que la réaction catalysée par la MCM est orientée vers la formation de 
succinyl-CoA. Cependant, la métabolisation du methylmalonyl-CoA grâce aux deux enzymes 
intégrées dans la voie de biosynthèse peut, en utilisant le méthylmalonyl-CoA pour la 
synthèse de 3-HIB, changer la disponibilité des substrats dans la cellule et dans ces conditions 




































Les gènes codant pour les trois enzymes de cette voie de biosynthèse ont été exprimées à 
partir de plasmides. Le plasmide pEKEx2MCM_Cgl permet l’expression des trois gènes 
NCgl1470, NCgl1471 et NCgl1472 codant pour la MCM de C. glutamicum, sous le contrôle 
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d’un promoteur inductible à l’IPTG (la présence du vecteur vide pEKEx2 dans la souche 
contrôle n’est pas notifiée ici pour des raisons de simplicité). 
La séquence des gènes codant pour la réductase et la 3-HIB DH ont été adaptées à l’usage des 
codons de C. glutamicum. L’expression des gènes a été placée sous le contrôle d’un 
promoteur inductible à l’IPTG dans les plasmides pEC_DH permettant l’expression de la 3-
HIB DH de T. thermophilus, et pEC_DH_ev3MCR  permettant l’expression de la 3-HIB DH et 




− Glucose en tant que source de carbone en conditions d’aération réduite 
Les sucres sont intéressants économiquement lors de la production industrielle de composés 
car la nature et le prix du substrat de croissance utilisé ont un impact important sur le coût et 
du procédé et du produit final. Dans le cadre du travail présenté ici, nous avons observé 
qu’une augmentation de l’activité MCM en présence d’adénosylcobalamine, lors de la 
croissance en présence de glucose en conditions d’aération du milieu réduites, conduisait à 
une augmentation du contenu cellulaire en méthylmalonate. Dans le but de vérifier si le 
méthylmalonyl-CoA généré pouvait permettre la synthèse de 3-HIB, les souches de C. 
glutamicum exprimant les trois enzymes (souche C. glutamicum pEKEx2MCM_Cgl 
pEC_DH_ev3MCR), la réductase et la 3-HIB DH (souche C. glutamicum pEC_DH_ev3MCR), 
ou seulement la déshydrogénase (souche C. glutamicum pEC_DH) ont été cultivées dans ces 
conditions en présence d’adénosylcobalamine.  
 
Les souches qui surexpriment les enzymes de la voie complète, la MCM, la réductase et la 
déshydrogénase, présentent une croissance un peu plus lente que la souche ne surexprimant 
que la déshydrogénase dont la croissance est similaire à celle de la souche sauvage dans ces 
conditions. Pour chaque souche, l’induction par l’addition d’IPTG de l’expression des gènes 
plasmidiques n’a pas d’effet sur la croissance, ce qui peut indiquer une fuite du promoteur 
dirigeant l’expression des gènes, qu’il serait intéressant de vérifier (voir la figure C-24 dans la 
partie C Results and discussion). 
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La présence de certains acides organiques a été mesurée dans le milieu de culture (figure E-
11). Aucun méthylmalonate n’est détecté, tandis que du succinate et du lactate sont excrétés 
pendant la culture, indépendamment pour chaque souche de l’induction de l’expression des 
gènes plasmidiques par l’addition d’IPTG. La souche de C. glutamicum surexprimant 
seulement la déshydrogénase accumule des quantités légèrement plus importantes de 
succinate et de lactate dans le milieu (environ 35 mM de succinate et 200 mM de lactate 
contre 25 mM et 150 mM respectivement pour chaque composé pour les deux autres 




























































Figure E-11: Concentrations en succinate (a) et lactate (b) mesurées dans les surnageants 
de culture de souches de Corynebacterium glutamicum cultivées en milieu minimum 
contenant 4 % de glucose en tant que source de carbone en présence de 0.1 mM 
d’adénosylcobalamine, en conditions d’aération réduites (30 rpm). Induction se rapporte 
à l’addition de 0.1 mM d’IPTG permettant la surexpression des gènes codés par les 
plasmides. 
 
Dans les souches surexprimant les trois enzymes ou les deux enzymes hétérologues, 
l’accumulation extracellulaire réduite de succinate peut être due à la métabolisation ultérieure 
de ce dernier par les enzymes de la voie. Dans ce cas néanmoins aucun 3-HIB n’est produit, et 
le désavantage de croissance observé pour ces deux souches pourrait être expliqué par 
l’accumulation toxique de l’intermédiaire méthylmalonate semi-aldéhyde, produit de la 
réaction de la réductase. Cependant, par rapport à la souche surexprimant la déshydrogénase, 
la croissance est plus lente et la concentration extracellulaire de lactate également réduite pour 
ces deux souches, ce qui suggère pour ces dernières un métabolisme globalement ralenti. 
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L’hypothèse de départ de cette expérience prenait en compte l’augmentation relative en 
méthylmalonate intracellulaire induite par la surexpression des gènes codant pour la mutase 
lors d’une aération diminuée du milieu. Les concentrations atteintes sont toutefois 
probablement trop faibles pour que les effets soient visibles au niveau de la synthèse de 3-
HIB. 
Il est en outre nécessaire d’obtenir l’évidence, au niveau de la synthèse de 3-HIB, de la 
fonctionnalité de la voie construite avant de continuer plus avant les tests en présence de 
glucose en conditions d’aération réduite. 
 
− Glucose et propionate en tant que sources de carbone  
Le contenu élevé en méthylmalonyl-CoA, substrat de la réductase, présent chez C. 
glutamicum en présence de propionate en tant que seule source de carbone ainsi que sa 
diminution importante conséquente à la surexpression des gènes codant pour la MCM dans 
ces conditions, peuvent permettre de tester in vivo la fonctionnalité de la voie mise en œuvre 
pour la synthèse de 3-HIB. Dans cet objectif, la synthèse de 3-HIB a été analysée dans les 
trois souches de C. glutamicum, exprimant les trois enzymes (souche C. glutamicum 
pEKEx2MCM_Cgl pEC_DH_ev3MCR), exprimant la réductase et la 3-HIB DH (souche C. 
glutamicum pEC_DH_ev3MCR), ou exprimant seulement la déshydrogénase (souche C. 
glutamicum pEC_DH). Les souches ont été cultivées en présence de glucose et 
d’adénosylcobalamine et en début de phase exponentielle de croissance, du propionate a été 
ajouté au milieu de culture et l’expression des gènes plasmidiques a été induite.  
 
Lorsque le glucose est la seule source de carbone présente dans le milieu, on observe à 
nouveau une croissance un peu plus rapide de la souche surexprimant seulement le gène de la 
déshydrogénase (voir la figure C-26 dans la partie C Results and discussion). Pour les trois 
souches l’addition de propionate entraîne une réduction important du taux de croissance des 
cultures qui correspondent alors aux taux de croissance observés pour C. glutamicum lors de 
la croissance en présence de propionate en tant qu’unique source de carbone. Claes et al 
décrivent que la croissance de C. glutamicum en présence simultanée de concentrations 
identiques de glucose et de propionate en tant que sources de carbone est ralentie, mais que 
les densités optiques finales sont plus élevées que celles observées en présence seulement de 
glucose, suggérant l’utilisation des deux sources de carbones par les bactéries (Claes et al., 
2002). Ici les densités optiques finales des cultures sont comparables à celles obtenues lors de 
 150 Caractérisation et utilisation de l’activité MCM chez C. glutamicum 
la croissance en présence de glucose, cependant la concentration quatre fois plus élevée en 
glucose que la concentration en propionate pourrait masquer cet effet.  
 
Du succinate est accumulé transitoirement dans le milieu de culture pour les trois souches 
mais à des niveaux différents (figure E-12). Les concentrations mesurées pour la souche C. 
glutamicum pEKEx2MCM_Cgl pEC_DH_ev3MCR surexprimant les gènes de la voie 
complète atteignent plus de 15 mM (à nouveau indépendamment de l’induction par l’IPTG). 
Les deux souches surexprimant les gènes codant pour la réductase et la déshydrogénase ou 
seulement la déshydrogénase accumulent jusqu’à 10 mM de succinate dans le milieu. Du 
lactate est également excrété dans le milieu de culture pour les trois souches et les 
concentrations présentent les mêmes rapports que les concentrations en succinate (voir la 



























































Figure E-12: Concentrations en succinate mesurées dans les surnageants de culture de 
souches de Corynebacterium glutamicum cultivées en milieu minimum contenant 4 % de 
glucose en présence de 0.1 mM d’adénosylcobalamine, avec addition ultérieure de 1 % de 
propionate. Induction se rapporte à l’addition de 0.1 mM d’IPTG permettant la 
surexpression des gènes codés par les plasmides.  
 
La présence de 3-HIB a été mesurée pour les trois souches dans les échantillons de milieu de 
culture récoltés à 30 h, qui correspondent à la fin de la phase exponentielle voire le début de la 
phase stationnaire (tableau E-2). La souche surexprimant seulement le gène codant pour la 
déshydrogénase produit le moins de 3-HIB avec une concentration extracellulaire de 0.54 mM 
(56 mg/l). La concentration la plus élevée, 2.52 mM (262.7 mg/l), est mesurée pour la souche 
surexprimant la réductase et la déshydrogénase. La surexpression dans cette souche de la 
MCM (voie complète) conduit à une diminution de plus de 2 fois de l’accumulation de 3 HIB 
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avec une concentration intermédiaire de 1 mM (103.5 mg/l). En fin de culture (échantillon à 
51 h), les concentrations extracellulaires de 3-HIB sont diminuées excepté pour la souche 
surexprimant les deux enzymes hétérologues sans la mutase. Il faut remarquer qu’au contraire 
de la croissance ou de l’excrétion de succinate et de lactate; l’induction des gènes exprimés à 
partir des plasmides semble avoir un effet important sur la quantité de 3-HIB produite. 
 
Tableau E-2: Concentration en 3-hydroxyisobutyrate mesurée dans les surnageants 
de culture récoltés 30h et 51h après l’inoculation de souches de Corynebacterium 
glutamicum cultivées en milieu minimum contenant 4 % de glucose en présence de 
0.1 mM d’adénosylcobalamine, avec addition ultérieure de 1 % de propionate. 
Induction se rapporte à l’addition de 0.1 mM d’IPTG permettant la surexpression des 
gènes codés par les plasmides. 
 3-HIB (mM) 
Souche induction 30 h 51 h 
C. glutamicum pEKEx2MCM_Cgl pEC_DH_ev3MCR + 1 0.36 
- 0 0 
C. glutamicum pEKEx2 pEC_DH_ev3MCR + 2.52 2.56 
- 0 0.13 
C. glutamicum pEKEx2 pEC_DH + 0.54 0.2 
- 0 0.11 
 
Cette voie a été construite chez C. glutamicum pour la formation de 3-HIB lors de la 
croissance utilisant du glucose en tant que source de carbone, avec le succinyl-CoA, 
intermédiaire du cycle de Krebs, en tant que substrat de départ. Lorsque le propionate est 
fourni en tant que source de carbone, les disponibilités intracellulaires en substrat changent 
car en parallèle de sa métabolisation par le cycle du méthylcitrate, le propionyl-CoA issu du 
propionate est carboxylé en méthylmalonyl-CoA (figure E-13). Dans ces conditions, 
l’expression des gènes codant pour la réductase et la déshydrogénase conduit à la synthèse de 
3-HIB, prouvant que cette partie de la voie est fonctionnelle dans la souche de C. glutamicum 
construite. L’activité MCM dans cette souche (correspondant à la souche surexprimant les 
gènes codant pour les trois enzymes) diminue la disponibilité en méthylmalonyl-CoA par son 
isomérisation en succinyl-CoA ayant comme conséquence une excrétion plus élevée de 
succinate, et représente de ce fait un désavantage pour la production de 3-HIB.  
 
Si le propionate est considéré en tant que source de carbone dans le développement d’une voie 
utilisant les activités hétérologues de la réductase et de la déshydrogénase chez C. glutamicum 
pour la synthèse de 3-HIB, la délétion des gènes codant pour la MCM pourrait permettre 
 152 Caractérisation et utilisation de l’activité MCM chez C. glutamicum 
d’augmenter le flux de méthylmalonyl-CoA vers la production de 3-HIB. Dans un milieu de 
croissance contenant un mélange de glucose et de propionate, la délétion de la mutase pourrait 
être appliquée en combinaison avec un flux réduit ou aboli du propionate en direction du 
cycle du méthylcitrate nécessitant la délétion également des gènes du cluster prpD2B2C2. 
L’utilisation de glucose en tant que seule source de carbone pour la production de 3-HIB est 
pour l’instant difficilement envisageable à cause de l’orientation de la réaction catalysée par la 
MCM vers la formation de succinyl-CoA. Il serait ainsi nécessaire de trouver un moyen 
d’augmenter la disponibilité cellulaire en succinyl-CoA. Une possibilité serait de bloquer le 
cycle de Krebs au niveau de la succinate déshydrogénase par exemple bien que le contenu en 
méthylmalonate d’une souche délétée pour les gènes codant pour la succinyl-CoA synthétase 































Figure E-13: Voie pour la production de 3-hydroxyisobutyrate chez Corynebacterium 
glutamicum dans le contexte de l’utilisation de glucose et de propionate en tant que sources de 
carbone. 
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III) Conclusion 
 
Un essai in vitro de l’activité méthylmalonyl-CoA mutase a été mis au point et validé par 
l’analyse d’une souche d’E. coli surexprimant la MCM caractérisée d’E. coli. Dans le génome 
de C. glutamicum, les gènes NCgl1471 et NCgl1472 sont annotés comme codant pour une 
MCM hétérodimérique et le gène NCgl1470 comme codant pour la protéine de type MeaB, 
auxiliaire de la MCM. La surexpression et la délétion chez C. glutamicum de ces trois gènes 
entrainent respectivement l’augmentation et la suppression de l’activité MCM mesurée grâce 
à l’essai enzymatique in vitro. Par conséquent, les trois gènes NCgl1470, NCgl1471 et 
NCgl1472 codent pour une MCM fonctionnelle chez C. glutamicum et l’équilibre de la 
réaction serait en faveur de la formation de succinyl-CoA.  
 
La délétion des gènes codant pour la mutase n’affecte pas la croissance de C. glutamicum 
cultivé en présence de glucose, d’acétate ou de propionate en tant que source de carbone. 
L’addition dans le milieu de culture du cofacteur de la mutase, l’adénosylcobalamine, n’a pas 
d’effet sur la croissance en présence de glucose ou d’acétate. Cependant, en présence de 
propionate l’adénosylcobalamine entraîne un blocage de la croissance de la souche 
surexprimant la mutase. Ainsi, C. glutamicum ne synthétise pas de novo 
l’adénosylcobalamine dont l’addition dans le milieu de culture est nécessaire à l’activité de la 
MCM in vivo. 
Chez C. glutamicum, la suppression de l’activité de la mutase ne modifie pas le contenu en 
méthylmalonate. Lors de la croissance en présence d’acétate, de glucose et de propionate, la 
concentration en méthylmalonate mesurée est respectivement de 52, 385 et 737 nmol de 
méthylmalonate par gramme de bactéries (poids sec). En outre, l’augmentation de l’activité 
MCM liée à la surexpression des gènes codant pour la mutase se traduit par une forte 
réduction de méthylmalonate en présence de propionate. Dans ces mêmes conditions, la 
croissance est stoppée et le succinate est excrété dans le milieu de culture. Il apparaît donc que 
chez C. glutamicum, l’activité MCM consiste en la conversion de méthylmalonyl-CoA en 
succinyl-CoA in vivo. 
Les résultats obtenus montrent que chez C. glutamicum, le propionate, en parallèle du cycle 
du méthylcitrate, est métabolisé par une voie impliquant la MCM. Le propionyl-CoA issu du 
propionate est carboxylé en méthylmalonyl-CoA, l’enzyme proposée pour cette réaction étant 
l’acétyl-CoA carboxylase. Le (S)-méthylmalonyl-CoA formé serait épimérisé en (R)-
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méthylmalonyl-CoA, substrat de la MCM. La présence d’une épimérase est suggérée par la 
diminution du contenu cellulaire en méthylmalonate, conséquence de l’augmentation de 
l’activité MCM lors de la croissance en présence de propionate. Cependant, chez C. 
glutamicum, cette voie ne remplace pas totalement  le cycle du méthylcitrate pour l’utilisation 
du propionate comme il a été montré chez M. tuberculosis. 
La source du méthylmalonate intracellulaire est probablement pour une large part due au 
propionate ajouté lors de la croissance sur cette source de carbone. Cependant, le propionate 
et le propionyl-CoA ne peuvent pas être issus de la métabolisation directe du glucose ou de 
l’acétate. Sur ces substrats, le méthylmalonate et le méthylmalonyl-CoA sont présents soit en 
tant que produit de catabolisme soit en tant que précurseur de biosynthèse. Il peut également 
être le produit, pour le turnover des acides gras ramifiés, de l’activité d’une seconde 
carboxylase présente dans chez les Corynebacterineae tels que C. glutamicum et M. 
tuberculosis, puisque la MCM est conservée dans le génome de tous ces microorganismes 
incluant le génome dégénéré de Mycobacterium lepreae.  
 
Dans la voie synthétique mise en œuvre pour la production de 3-HIB chez C. glutamicum, le 
rôle de la MCM devait être celui de fournisseur de méthylmalonyl-CoA pour l’activité des 
deux enzymes hétérologues, i.e. la méthylmalonyl-CoA réductase et la 3-HIB 
déshydrogénase. L’étude de souches exprimant des combinaisons de ces trois enzymes en 
présence de glucose et de propionate en tant que sources de carbone, a permis de vérifier que 
la réductase et la 3-HIB DH étaient fonctionnelles chez C. glutamicum. Cependant dans ces 
conditions, l’activité de la MCM, dont l’équilibre de la réaction favorise la formation de 
succinyl-CoA en diminuant la disponibilité en méthylmalonyl-CoA, entraîne une diminution 
de la synthèse de 3-HIB. Ainsi, si le propionate s’avérait être une alternative pour la 
production de 3-HIB chez C. glutamicum, l’activité MCM devrait être supprimée  
Les sucres sont des substrats économiquement intéressants pour la production industrielle de 
composés. Lors de la croissance sur glucose en condition d’aération du milieu réduite, 
l’augmentation de l’activité MCM conduit à une augmentation du contenu intracellulaire en 
méthylmalonate et en méthylmalonyl-CoA. Cependant, celle-ci n’est pas suffisamment 
importante pour permettre la synthèse de 3-HIB quand les gènes codant la réductase et la 3-
HIB DH sont également surexprimés. Il est donc nécessaire de trouver des conditions de 
croissance de C. glutamicum en présence de glucose en tant que source de carbone pour 
lesquelles le contenu en succinyl-CoA est augmenté et la réaction catalysée par la MCM est  
dirigée vers la formation de méthylmalonyl-CoA. 
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 163 Annexes 
 
Table F-3: Corynebacterium glutamicum genes showing, a) the most increased and b) the 
ost decreased transcript levels during the growth on minimal medium with 4 % glucose in 
e presence of 0.1 mM adenosylcobalamin.  
  






cg2314 transcriptional regulator, LacI family 18,1915787 
cg
cg
0041 putative solute-binding lipoprotein, signal peptid 14,0880805 
0040 putative secreted protein 13,2176671 
1628 hydrolase of the alpha/beta superfamily 12,6739394 
0289 glutamyl-tRNA synthetase 10,0056293 
cg2001 hypothetical protein 9,9132533 
042 ABC transporter protein, integral membrane subunit 8,71806208 
cg3275 ferredoxin 7,83157264 
cg2725 transposase 7,78288873 
cg1045 hypothetical protein 7,03313818 
cg1349 membrane protein containing CBS domain 6,78839776 
cg1254 hypothetical protein 6,47784355 
cg0768 ABC-type cobalamin/Fe3+-siderophores transport system, ATPase component 6,35163437 
cg0380 hypothetical protein 6,06161532 
cg0261 molybdopterin Co-factor synthesis protein 5,61251574 
cg1330 similar to gtp pyrophosphokinase 5,20921882 
cg2531 isopentenyl-diphosphate delta-isomerase 5,15488695 
cg2585 putative secreted protein 5,09728799 
cg2648 bacterial regulatory protein, arsR family 5,04947358 
cg1547 probable LacI-family transcriptional regulator 4,97677015 
cg1999 hypothetical protein 4,8868571 
cg1566 hypothetical protein 4,73895551 
cg0319 arsenate reductase 4,5374236 
cg3170 tellurite resistance protein or related permease 4,08190265 
cg0792 thioredoxin domain-containing protein 3,965566 
cg3293 hypothetical protein 3,89635094 
cg0589 ABC transporter, nucleotide binding/ATPase protein 3,72542089 
cg0122 putative glycerol 3-phosphate dehydrogenase 3,68145234 
cg0797 probable methylisocitric acid lyase 2,83352113 
cg2838 predicted dithiol-disulfide isomerase 2,57876787 
cg1847 hypothetical protein 2,44307558 


















b)   
Gene Annotation Ratio of medians
cg0625 secreted protein 0,00299558 
cg0623 cobalt transport system, permease component 0,00651506 
cg0624 secreted oxidoreductase 0,01063361 
cg0622 cobalt transport system, ATPase component 0,02070228 
cg0621 putative integral membrane protein 0,03858151 
cg0693 60 KDA chaperonin (protein cpn60) (GROEL protein) C-terminal fragment 0,15955585 
cg1368 ATP synthase subunit B 0,17752485 
cg0464 copper-transporting atpase 0,21230954 
cg1156 alkanesulfonate monooxygenase 0,22776491 
cg0228 sensor histidine kinase of two-component system, fragment 0,23062118 
cg1336 putative secreted protein 0,24004581 
cg2688 ABC-type molybdenum transport system, ATPase component/photorepair 
protein PhrA 
0,25310365 
cg2687 cystathionine gamma-synthase 0,26395722 
cg1583 acetylornithine aminotransferase 0,32013257 
cg2701 hypothetical protein 0,32233023 
cg0756 putative carbon starvation protein a 0,33883088 
cg1581 bifunctional ornithine acetyltransferase/N-acetylglutamate synthase protein 0,35574018 
cg2364 pyridoxal-5'-phosphate dependent enzyme 0,36014562 
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